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NOTICE !

This report was prepared as an account of Government sponsored

work. Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on I

behalf of NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness, I

or usefulness of the information contained in this

report, or that the use of any information, apparatus,

method, or process disclosed in this report may not I

infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor- I

motion, apparatus, method or process disclosed in

this report.

As used above, "person acting on behalf of NASA" includes I

any employee or contractor of NASA, or employee of such con-

tractor, to the extent that such employee or contractor of NASA,
or employee of such contractor prepares, disseminates, or i

provides access to, any information pursuant to his employment

or contract with NASA, or his employment with such contractor.

,
I

Requests for copies of this report

should be referred to:

National Aeronautics and Space Administration

Office of Scientific and Technical Information

Washington 25, D.C.

Attention: AFSS-A
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SUMMARY

In this quarterly report, design manuals and Fortran computer programs

are presented for the following AC generators:

1. Two-Coil, Inside-Coil Lundell or Becky-Robinson Generator

2. Two-Coil, Outside-Coil Lundell

3. Single-Coil, Outside Coil Lundell

4. Rotating-Coil Lundell (Automotive Type)

5. Inside-Coil, Stationary-Coil Lundell.

Design manuals without computer programs are presented for:

6. Permanent°-Magnet AC Generators

7. Homopolar Inductor AC Generators

8. Disk-Type or Axial Air-Gap Lundell Generator

An equivalent circuit representation of synchronous AC generators is

published with a discussion of its development.
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INTRODUCTION

This study is sponsored by the National Aeronautics and Space Adminis-

tration under Contract No. NAS3-2783.

The objective as set forth in the NASA work statement introduction is: ---

"To advance the technology for the brushless types of rotating electrical

generators, specifically for space auxiliary power plants."

A further objective of this study is to provide tools that will allow the

reader to select the best generator for a specific application, to cal-

culate the design performance, and to evaluate any contemplated changes

in design parameters or materials.
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WORK BEING ACCOMPLISHED

Complete design manuals and computer programs are being written

for those brushless AC generators that are believed most likely to

be considered for space applications and for ground-based applications.

This approach to the study was taken rather than to reject all but two

or three generator types on the basis of a superficial examination.

Each of the machines presented in this study are considered to have

an application area.

In the first quarterly report, design manuals for wound-rotor, salient

pole and nonsalient pole generators were published with a Bell computer

program for the salient pole generator. Derivations for most of the

design formulae were given.

In the second quarterly report, a Fortran computer program for wound

pole, salient pole generators was published with the design manual for

that generator. The design manual without the computer program was

published for the two-coil inside-coil Lundell or Becky-Robinson gen-

erator.

I

I
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Discussions on length-to-diameter ratios, pole-face losses as design

limits and motoring capabilities of salient pole generators are also

given in the second quarterly report+
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In this, the third quarterly report, Fortran computer programs and

design manuals are published for the following AC generators:

1. Two-Coil, Inside-Coil Lundell or Becky-Robinson Generator

2. Two-Coil, Outside-Coil I_nndell Generator

3. Single- Coil, Outside- Coil Lundell Generator

4. Rotating-Coil Lundell (Automotive-Type) Generator

5. Inside- Coil, Stationary- Coil, Lundell Generator

Design manuals without computer programs are published for:

6. Permanent-Magnet AC Generators

7. Homopolar Inductor AC Generators

8. Axial Air-Gap Lundell Generators

The last three design manuals are to be programmed in Fortran for

the final report. And, in addition, a program for Induction generators

will be included if time on this contract permits.

Because of the general and widely understood use of the term I.nndell,

all of the generators discussed in this study that have claw-type or

interlocking, finger-type poles are called l_nndell generators. To

most engineers, the name Lundell describes the rotor pole arrange-

ment. In this report, there is no other basis for the use of the name.



THE NEXTREPORT

The next report is the final report, to be issued in October, and it

will consist of two parts. The first part is generator selection cri-

teria and the second part is the electrical design section.

In the first section, the selection criteria, comparison data will be

published. Such data will be weight and physical size comparisonp

evaluations of rotor dynamics, suitability of the various types of gen-

erator rotors for use with gas or liquid bearings. Thermal equiva-

lent circuits are to be published in the selection section also.

The second section of the final report will contain the generator design

manuals with the Fortran computer programs and the synchronous

generator equivalent circuits.

An appendix will be published containing the small studies, discussions

and derivations that support the rest of the study.

For each generator design manual, a general approach to the start of

a generator design will be provided. It will be similar to that provided

for permanent magnet generators in this third quarterly report. Beyond

this general approach, the user must select the various design

parameters himself. The user of these programs should have some

familiarity with AC machine design.
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A person unfamiliar with electrical machine design would benefit from

a synthesis program that selected the design parameters for the de-

sign program inputs, but the time available on this contract does not

allow its development.
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The design manual has been arranged as a computer program and

the sequence of calculations results from storage limitations of

the smaller computers (1620).

A number is assigned to a symbol and maintained throughout all of

the manuals presented in this Quarterly Report. Where the symbol

is not used in a particular manual, the symbol and corresponding

number are omitted entirely from the manual.

The symbol number in brackets wherever found means the symbol

and not the value of the number itself. Numbers without brackets

are numerical values.

A symbol list with corresponding design manual calculation numbers,

Fortran program symbols and the definition of the symbols is given

at the beginning of the manual.

The design equations in the manual are written with symbols and are

repeated with the bracketed numbers that locate the symbol definition

in the symbol list.

Following the design equations, the Fortran program is published

with the same identifying equation numbers found in the design

manual.
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NOTE ON WINDAGE CALCULATIONS

In each design manual there is a statement to the effect that there

is no known satisfactory method of calculating windage. That, of

course, is open to challenge and probably should read "w__e.eknow

of no ........ ". The formula given is crude and is only in-

tended for use in standard air.

For gases or fluids other than standard air, the fluid density and

1

!

!

viscosity must be considered. The form'_la given in the manual

can be modified by the factors

.2

II

II
II

where _ =

• 0765 =

• 0435 =

density- Lbs FT -3

viscosity LBS Fr -1 HR -1

density std. air

viscosity Std air

The above relationship can be arrived at by referring to Shepherd

t

t
I

"Principles of Turbomachinery", Macmillan Pub. Company. See

page 152. The friction factor for turbulent flow is a function of

,

1 C
T_" 2 and the loss is a function of (R e) . 2 times a constant

for a fixed velocity and fixed dimensions. The correction for a

gas other than standard air, since R e - DV _ would be
U

 )U,ror 8(0)u.2
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TWO-COIL, INSIDE-COIL L UNDELL OR

BECICY- ROBINSON TYPE GENERATOR

The Two-Coil Lundell (Becky-Robinson Type) Generator section of the

Second Quarterly Report has been reassembled and rewritten for this

Third Quarterly Report. The design manual and equations are now

presented as one document.

Fortran computer language.

The computer program is written in

This complete package is called "The

Two-Coil Inside-Coil (Becky-Robinson Type) Computer Design Manual".

This Computer Design Manual contains the following:

1. A numbered series of definitions and equations forming

the body of the design calculations.

2. A list of numbered symbols (Electrical and Fortran).

3. A collection of tables, graphs and figures that are

necessary in preparing an input sheet.

4. Standard magnetization curves for the materials

used in a design that was built and tested.

5. An input and output computer sheet.

6. A complete list of Fortran equations numbered to

match the design manual equations.

Design Procedure

This computer program is an analysis procedure. In an analysis procedure,

all of the machine dimensions and winding specifications are given in -ad-

dition to the rating. With all of this information given, the computer

calculates the performance of the machine.



A generator design starts with the input sheet. All of the information

that has been gathered on the generator in question is recorded on the

input sheet. The inputs listed on the input sheet follow the design manual

calculations sequentially except for a few cases.

Each input is identified in three ways: 1) by a symbol, 2) by an explana-

tion of each symbol, and 3) by an identification number which is bracketed

in parenthesis. This identification number or item number shows the

location of the particular input in the design manual. At each location in

the design manual, a complete explanation is given for each symbol in

question along with the equations where they apply. For example, given on

the input sheet is (4) (EpH) Phase Volts. If there is any question by the

user as to just what is meant by phase vol_s or how it is calculated, he

need only to look up item (4) in the design manual. Item (4) gives the

following information:

Y
For three phase _connected generators:

(Line Volts) = (3)

For three phase_onnected generators:

EpH - (Line Volts) - (3)
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Each item, as shown in Item (4) above has three parts:

1. A word definition explaining the item.

2. An equation using symbols.

3. An equation using the location number for each symbol.

a. When a number in an equation is bracketed by parenthesis

such as (3) in Item (4), it has no numerical value. It

represents the location of the symbol that is used in the

equivalent equation.

b. When a number such as 3 in Item (4) is not bracketed

by parenthesis, then it is a real number and must be

used accordingly.

The accuracy of this design procedure depends upon evaluating the leakage

paths in the rotor. In order to obtain reasonable results, the designer

must have a good understanding of the rotor construction. There are an

unlimited number of pole shapes and construction techniques that can be

employed on the rotor design, but for the computer design manual as it

is presented here, certain limits have been set.

1. Only two different pole (north pole) shapes will be pro-

grammed. They are the hexagonal, _ and the

rectangular or square

. Two types of auxiliary gap (g3) will be programmed.

and the taperedj

The



. Other pole shapes and gap arrangements must be resolved

into an equivalent rotor and calculated accordingly.

Detailed drawings are published in this design manual to help clarify the

rotor construction and leakage flux paths. Since so much importance is

placed on evaluating the rotor leakage paths, the computer program is set

up to give the designer two approaches in this area.

1. The first approach is to let the computer calculate the

leakage paths and permeances. This can be done by

inserting 0.0 on the input sheet for P1, P2, P3, P4, etc.

2. The second approach is to make a detailed layout of the

rotor, measure the leakage paths, and calculate permeance

from the drawing. The calculated values can then be used

as input data. Insert these actual values on the input sheet

for P1, P2, P3, P4, etc., the computer will use these

given values throughout the calculations.

A minimum number of rules must be followed in order to make a computer

design:

.

2.

Fill out input sheet completely.

All whole numbers and zeros must be followed by a decimal

point. For example, if the number that is to be used on

the input is either 1, 2 or 0, they must be inserted as 1__:_.,

2_:_., or 0_z.. All decimal numbers are accepted as is. That

is, 1.4 should be entered as 1.4.
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When a question arises about a particular input, refer

back to the location per the item number for a detailed

explanation.

When a particular magnetization curve is to be used, the

proper code number should be used as an input if the curve

is available on "card decks". The code number can be any

number that is mutually agreed on by the designers and the

computer operators. The code simply tells the operator

which curve to use.

Output Sheet

The output sheet is set up for the computer to type out the answers directly

in the spaces provided. The space is set up to accept 5 places to the left

and right of the decimal point. Single spacing is used on the vertical and

regular type spacing on the horizontal.

Each item on the output sheet can be checked out by referring b,, • to the

item number in the design manual in the same manner as outlined above

for the input data.



The flux circuit of the two-coil Lundell generator looks like this.

F

COIL

Frotor Fgap Fstator

Frotor Fgap Fstator

The rotor flux circuit it"

Fy 2 Fy 3 Fg 3 Fy 4 FNp Fg
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And for the entire machine, the flux circuit looks like this.

F_ FSK FSp Fg F T

MMF

COIL _5 3, 4

T C

y2 Fy 3 Fg 3 Fy 4 FNp Fg F T

Flux Circuit for 2-Coil LundeU A-C Generator

NOTE: The machine could be represented by showing two identical flux cir-

cuits in the south pole, from and including FSp to and including Fy 4.

Instead the calculations are adjusted to fit the single circuit.
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VIEW OF BOTH NORTH-POLE AND SOUTH-POLE FLUX CIRCUITS

SHOWING THE MMF DROPS IN THE TWO-COIL LUNDELL BRUSH-

LESS AC GENERATOR
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TWO- COIL LUNDE LL (BE CKY- ROBINSON TYPE)

Calculation Electrical Fortran

Number Symbol Symbol

A_ a

(128) A A

(46) a c AC

(144) acd ACD

t (153) acf AS

(170) adr AD

1 (68_ Ag _A

P

(70a) Ag 3 A3

I (79) anp ANP

(79b) ask ASK

(79a) asp ASP

(124) Ay 2 AY2

I (::2) %4 AY4
p

B, b

I (20) B BK

| (135) bbo WO
W

(135) bbl B

!
(22) b o BO

| (94_ Bc, B_ Bcl

Explanation

Ampere conductors per inch

Conductor area of stator winding

Conductor area of damper bar

Conductor area of field coil

Damper bar end ring area

Main gap area

Auxiliary air gap (g2) area

Auxiliary air gap (g3, area

North pole area

Area of rotor skirt

Area of south pole

Cross sectional area of coil yoke

Area of shaft

Density

Width of damper slot opening

Width of rectangular damper ba_"
slot

Width of stator slot opening

Stator core density N.L.

!



Calculation

Number

(95)

(122)

(119)

(224)

(2305

(I165

(765

(76)

(234)

(22)

(222)

(105)

(2155

(76)

(76)

(57a)

(91)

(205)

(57)

Electrical

Symbol

t

Bg, Bg

Bg2

Bg3

Bg2 FL

Bg3 FL

bNp

bNP(END)

bNP(MID)

BNPFL

bs

BSKFL

BSp

BSPFL

bSP(END)

bSP(MID)

btl/3

!

B T, B T

BT L

btm

Fortran

Symbol

BG1

BG2

BG3

BG2L

BG3L

BNP

BNE

BNM

BNPL

oBS

BSK

BSP

BSPL

BSE

BSM

SM

BT1

BTL

TM

Explanation

Main air gap density (N. L. )

Auxiliary gap (g2) density (N. L. )

Auxiliary gap (g35 density (N. L. )

Density in auxiliary gap (g25 (F. L. )

Density in auxiliary gap (g3) (F. Lo)

North pole density (N. L. )

Width of north pole at end of pole

Width of north pole at middle of

pole

North pole density (F. L. )

Stator slot dimension per Fig. 1

Density in rotor skirt (F. L. )

South pole density (N. L. )

South pole density (F. L. )

Width of south pole at end of pole

Width of south pole at middle of

pole

Stator tooth width 1/3 distance

from narrowest end

Stator tooth density (N. L.)

Stator tooth density (F. L.)

Stator tooth width 1/2 distance

from narrowest end

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

i

I



I

I

I

I

I

I

1
I

I

I

I

I

I

i

I

I

I

I

I

Calculation

Number

(15)

(125)

(228)

(113)

(232)

(32)

(71)

(74)

(73)

(75)

(72)

(12)

(ll)

(35)

070)

(78)

(Ha)

Electrical

Symbol

b V

By2

By2 FL

By4

By4FL

C

C 1

C M

Cp

Cq

C w

D

d

d b

ddr

di r

d
r

Fortran

Symbol

BV

BY2

BY2L

BY4

BY4L

C1

CM

CP

CQ

CW

D, d

DU

DI

DB

DDR

DIR

DR

Explanation

Radial duct width

Coil yoke density

Density in coil yoke (F. L.)

Density in shaft (N. L.)

Density in shaft (F. L.)

Parallel paths

Ratio of maximum fundamental

of field form to the actual maximum

of the field form

Demagnetizing factor

Pole constant

Cross magnetizing factor

Winding constant

Stator lamination outside diameter

Stator lamination inside diameter

Diameter of bender pin

Damper bar end ring mean diameter

Inside diameter of rotor tube

Outside rotor diameter



Calculation
Number

(3)

(55)

(56)

(238)

(127b)

(4)

(Sa)

(98)

(201)

(236)

(96)

(2O8a)

(123)

(225)

(120)

(231)

(llT)

(127)

Electrical

Symbol

E

EFTo P

E FBO T

EFFL

E FNL

EpH

f

!

F c, F c

FCL

FF L
T

Fg, Fg

FgL

Fg2

Fg2 FL

Fg3

Fg3 FL

FNp

FNL

E, e

F, f

Fortran

Symbol

EE

ET

EB

EPFL

EPNL

EP

F

FC

FCL

FFL

FG

FGL

FG2

FG2L

FG3

FG3L

FNP

FNL

Explanation

Line volts

Eddy factor top

Eddy factor bottom

Full load field volts

No load field volts

Phase volts

Frequency

N.L. stator core ampere turns

F.L. stator core ampere turns

Total full load ampere turns

N.L. main gap ampere turns

F.L. main gap ampere turns

N.L. gap (g2) ampere turns

F.L. gap (g2) ampere turns

N.L. gap (g3) ampere turns

F.L. gap (g3) ampere turns

N.L. north pole ampere turns

Total no load ampere turns

I

l

I
I

I

I
I

I
I
I
I

I

I

I
I

I

I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation

Number

(235)

(18o)

(223)

(lO7)

(216)

(97)

(206)

(183)

(126)

(229)

(231)

(114)

(233)

(59)

(59a)

(59c)

(59d)

(59e)

(59f)

(69)

Electrical Fortran

Symbol Symbol

F NPFL FNPL

FSC FSC

FSKFL FSK

FSp FSP

F FSPL
SPFL

!

FT, F T FT

FTL FTL

F&W WF

F FY2
y2

Fy2 FL FY2 L

Fy3 FL FG3 L

Fy 4 FY4

Fy4F L FY4L

G, g

g GC

g2 GP

g3 G3

g3-1 G2

g3-2 G1

g3e G4

ge GE

Explanation

F.L. north pole ampere turns

Short circuit ampere turns

F.L. rotor skirt ampere turns

N.L. south pole ampere turns

F.L. south pole ampere turns

N.L. stator tooth ampere turns

F.L. stator tooth ampere turns

Friction and windage

N.L. coil yoke ampere turns

F.L. coil yoke ampere turns

F.L. coil yoke base ampere turns

N.L. shaft ampere turns

F.L. shaft ampere turns

Main air gap

Auxiliary air gap

Auxiliary air gap

Horizontal section of stepped

gap g3

Vertical section of stepped gap

g3

Effective value of stepped gap g3

Effective main gap



Calculation Electrical Fortran
Number Symbol Symbol

H, h

(135) hbo HD

(135) hbl H

(24) h HC
C

(78) hNp HNP
f

(38) hsT SD

(39) hST SH

(78) h YI-I
Y

(237) IFF L AIFL

(127a) IFN L AINL

(8) IpH PI

(182) 12 R F FEL

(241) I2RFL FCUL

(194) I2R PS

(245) I2Rs 5CUL

K, k

(19) k WL

(9a) K c CK

(43) K d DF

Explanation

Height of damper slot

Height of damper bar section

Depth below slot

Height of north pole

Distance betwee_ center line of

strand in depth

Stator coil strand thickness

(largest dimension)

Height of coil yoke

F.L. field current

N.L. field current

Phase current

N.L. field coil loss

F.L. coil copper loss

N.L. stator copper loss

F.L. stator copper loss

Watts/lb core loss

Adjustment factor

Distribution factor

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I

I
I

I
I
I

I

I
I
I
I

I
I

I

I

I

Calculation

Number

(63)

(16)

(44)

(67)

(42)

(2)

(61)

(13)

(8o_

(81a)

(82a)
(83)

(83)

(85)

(86)

(139)

(84)

(48)

(36)

Electrical

Symbol

K e

Ki

K
P

Ks

KS K

KVA

Xx

,t2

43

4

_14a

_6

_7

_b

_c

L E

J_ e2

Fortran

Symbol

EK

SF

CF

CC

FS

VA

FF

L, 1

CL

PL1

PL2

PL3

PL4

PL6

AL7

SB

PLC

EL

CE

Explanation

Leakage reactive factor

Stacking factor

Pitch factor

Carter coefficient

Skew factor

Generator rating

Factor to account for difference

in phase current in coil sides in
same slot

Gross core length (stator)

Length of leakage path 1

Length of leakage path 2

Length of leakage path 3

Length of leakage path 4 (4 pole)

Length ofleakage path 4 ( 6 pole)

Length of leakage path 6

Length of leakage path 7

Damper bar length

Length of leakage path 5

Stator coil end extension length

Coil extension beyond core



Calculation

Number

(161)

(78)

(76)

(17)

(76)

(49)

(147)

(78)

(78)

(5)

(13s)

(146)

(45)

(30)

(34)

(34a)

(14)

Electrical

Symbol

L F

"_ g2

J_ NP

/s

SP

_t

tf

_r

A_ y4

Fortran

Symbol

SI

Gl:'2

PNL

SS

PSL

HM

FE

ALY

Y4

m

PN

n b

N_

n e

n s

NST
!

NST

n V

S_ n

BN

PT

EC

SC

SN

SNI

HV

Explanation

Field inductance

Horizontal length of (g2) air gap

Length of north pole

Solid core length

Length of south pole

1/2 mean turn (stator coil)

1/2 mean turn of field coil

Length of field coil yoke

Effective length of shaft

No. of phases

Damper bars

Field turns per coil

Effective conductors

Conductors per slot

Strands per conductor in depth

Strands per conductor (total)

Radial ducts

I

I
I

I

I
I

I

I
I

I
l

l

I
I

I
I

I

I

I



!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Calculation

Number

(6)

(9)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(23)

(25)

(154)

(155)

(7)

(53)

(54)

Electrical

Symbol

P, P

p PX

PF PF

P1 P1

P2 P2

P3 P3

P4 P4

P5 P5

P6 P6

P7 P7

Q, q

Q QQ

q QN

R, r

Rf(cold ) FK

Rf(hot) FR

RPM RPM

RsPH(cold ) RG

RsPH(hot) RP

Fortran

Symbol Explanation

No. of poles

Power factor

Pole head end leakage permeance

Pole head side leakage permeance

Pole body end leakage permeance

Pole body side leakage permeance

Coil leakage to north pole permeance

Coil leakage to south pole permeance

Stator core to rotor skirt leakage

permeance

No. of slots

Slots per pole per phase

Cold field resistance at 20 °C

Hot field resistance at X oc

Revolutions per minute

Stator resistance per phase at 20 °C

Stator resistance per phase at X °C



Calculation

Number

(181)

(127c)

(47)

(177)

(178)

(176)

(78)

(78)

(145)

(185)

(244)

(193)

(186)

(243)

(242)

(184)

Electrical

Symbgl

SCR

S F

SS

T a

?

T d

v

Tdo

TSK

TSp

V r

WC

WDFL

WDNL

WNPL

WpFL

WTFL

WTNL

Fortran

Symbol

S. s

SCR

CD

S

T, t

TA

T5

TC

TSK

TSP

V, v

VR

W, w

WQ

WDL

WD

WN

WNL

WTFL

WT

Explanation

Short circuit ratio

Current density in field conductor

Current density in stator conductor

Armature time constant

Transient time constant

Open circuit time constant

Thickness of rotor skirt

Thickness of south pole

Peripheral speed

Stator core loss

F.L. damper loss

N.L. damper loss

N.L. pole face loss

F.L. pole face loss

F.L. stator teeth loss

N.L. stator teeth loss

I

I
I

I

I
I

I

I
I

I
I

i
I

i

I

I
i

I

I



I

I

I
I

I
I

I
I

I
I

I
I
I

I
I

I

I
I

I

Calculation

Number

(129)

(131)

(132)

(142)

0,57)

t168)

(163)

(165)

(166!

(160

(150)

(130)

(169)

(134)

(50)

(170)

(172)

Electrical

Symbol

X

Xad

Xaq

X D °C

!

X d
_T

X d

XD d

XD a

Xdu
t

X F

Xf °C

Xg
T_

Xq

X
q

X s °C

X 2

X o

X_ X

Fortran

Symbol

XR

XD

XQ

T3

XS

XX

Xl

X2

XU

XF

T2

XL

XY

XB

TI

XN

XO

Explanation

Reactance factor

Reactance direct axis

Reactance quadrature axis

Damper bar expected F.L.
temperature

Saturated transient reactance

Subtransient reactance direct axis

Damper bar leakage reactance
direct axis

Damper bar leakage reactance

quadrature axis

Unsaturated transient reactance

Effective field leakage reactance

Expected field temperature at full
load

Leakage reactance

Subtransient reactance quadrature
axis

Synchronous reactance quadrature
axis

Stator expected temperature at F.L.

Negative sequence reactance

Zero sequence reactance



Calculation

Number

(31)

(I00)

(101)

(102)

(103)

(I18)

(121)

(99)

(209)

(210)

(211)

(212)

(226)

(2zo)

(207)

(93)

(213)

(90)

(208)

Electrical

Symbol

Y, Y

Y

O.Q2

OJ_4

0 IL

(_2L

(_3L

04L

05 L

(_6L

(_7L

Op

0 PL

eT, (_T

OTL

Fortran

Symbol

YY

F1

F2

F3

F4

PL5

PL6

PL7

Q1

Q2

Q3

Q4

QL5

Q6

Q7

FQ

FQL

TG

PTL

Explanation

Throw or coil span

N.L. leakage flux in Path 1

N.L. leakage flux in Path 2

N.L. leakage flux in Path 3

N.L. leakage flux in Path 4

N.L. leakage flux in Path 5

N.L. leakage flux in Path 6

N.L. leakage flux in Path 7

F.L. leakage flux in Path 1

F.L. leakage flux in Path 2

F.L. leakage flux in Path 3

F.L. leakage flux in Path 4

F.L. leakage flux in Path 5

F.L. leakage flux in Path 6

F.L. leakage flux in Path 7

Flux per pole N.L.

Flux per pole F.L.

Total flux N. L.

Total flux F.L.

I

I
I

I

I
I

I
I
I

I
I

I

I

I
I

I

I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation
Number

(140)

(41)

(26)

(40)

(27)

(158)

(162)

(164)

(64)

(159)

(141)

(143)

(151)

(152)

(51)

Electrical

Symbol

rb
_-p

TSK

Y's1/3

h_

'_Dd

]kDq

AE

Apt

PD
7OD hot

/_f (hot)

f_

Fortran

Symbol

"r-

TB

TP

TS

SK

TT

A

BD

PU

PV

EW

BE

RM

RR

Explanation

Damper bar pitch

Pole pitch

Stator slot pitch

Stator slot skew

Stator slot pitch 1/3 distance from
narrowest section of tooth

Damper bar permeance

Damper bar permeance direct axis

Damper bar permeance quadrature axis

End winding permeance

Permeance of end portion of damper
bar

Resistivity of damper bar at 20 °C

Resistivity of damper bar at ex-
pected temperature at F.L.

Resistivity of field conductor at
20 °C

Resistivity of field conductor at
expected temperature at F. L°

Resistivity of stator winding at 20 °C



Q.

iv

MODEL

(2) KVA

(3) E

(4) Eph

(S) m
Lu
p. (So) f
lu
=E (6) p
.<
ac (7) RPM
<

a. (8) Iph

(9) PF

(9a) K;

I101
(11) d
(12) D

_" (13) Zu
<
I- (14) n¥

e,, (15) b¥
o
i- (16) Ki

(19) k

120) B

(21)

(22) b o

(22) b I

(22) b2

(22) Io3

, (22) bs

,v (22) ho

O (22) h 1

(22) h2
tn

(22) h3

(22) hs

(22) ht

(22) hw

1231 Q
(28)

(29)

(30) ns

(31) y

(32) ¢

(33)

(34) Nst

= (34a) Hi,
O,

<p I(39)
I- (35) db

(36) _e2

(37) hst

(38) h's t

(4Za)
(40) 'T'sk

(50) X "C

(51) _$

(59s)
(59) g

(s9o_

TWO- COIL LUNDELL

COMPUTER DESIGN

(BECKY- ROBINSON TYPE)

(INPUT)
EWO DESIGN NO(l)

GENERATOR KVA ,_PO. I. tg_ _" "

LINE VOLTS _//., :y_

PHASE VOLTS /3./. • f_7_

PHASES J° I_, i._"

FREQUENCY /_'O0, , _'_" '

POLES _. ,,, </,Z. ,,

RPM 1000. ,, ,_'8,

RATIO MAX TO MIN OF FUND

WINDING CONSTANT

POLE• CONSTANT

END EXTENSION ONE TURN

DEMAGNETIZATION FACTOR

CROSS MAGNETIZING FACTOR

POLE EMBRACE

I
(71) Cl I

(72) Cw

(73) Cp ._ II

I
(48) LE z

(74) Cm _ I

(75) Cq

(77) oC

(76) b_

(76) b_

(76) b,,._,t, 1 I

(76) bap(p.,I

(76) _ _P O

(76) _dr_l_ I
(lla)

(78) h.,

11871 IKII' -- I(13s) %0
(13_") hbo

(t_) ( ) I
(,ST) hbl Im

(13s) bbl
(13e) nb am

Zb I(|39)

(I_O) "rb
um

(H'O Pp
(,,zlx.c •
(l_o) dar

_

[,,,,.F I(1_) ._t

14,1

(tsO) xcc

(Isl) .of
(07) I

I

PHASE CURRENT 82,_" /,Y_"

POWER FACTOR • 7._' 2.20

ADJ. FACTOR /. 0 " _..2.O

OPTIONAL- L_D POINT 0,0 , l.(jS_"
ll

STATOR I.D. _.O_O _._

STATOR O.D. _',/.C'O _'. _'

GROSS CORE LENGTH 2.6 7. O

NO. OF DUCTS O. 0 /. _3_

WIDTH OF DUCT 0. _ , 7* O

STACKING FACTOR (STATOR) • PZ., ,OJ_O

WATTS/LB. (,£0 ,030

DENSITY 77. • 0_"0
I

TYPE OF SLOT ,.Z. •/70

SLOT OPENING ¢0_ cOS"

SLOT WIDTH TOP ,'//7 J_.o

o.o ,F,4;S"
0o0 ,2._

SLOT WIDTH '//7 .6PP"

•o3o ,7.IRK'.

SLOT DEPTH

NO. OF SLOTS

TYPE OF WDG.

TYPE OF COIL

WIDTH OF NORTH POLE _NO)

WIDTH OF SOUTH POLE(EMD)

WIDTH OF NORT_ POLE 0RID)

WIDTH OF SOUTH POLE (HID)

LENGTH OF NORTH POLE

LENGT H OF SOUTH POLE

ROTOR DIAMETER

LHEt_._T'oj' NORTt_ _POL_
P_OLE FACE LOSS FACTOR

WIDTH OF SLOP OPENING

HEIGHT OF SLOT OPENING

DAMPER BAR DIA. OR WIDTH

RECTANGULAR BAR THICKNESS

RECTANGULAR SLOT WIDTH

NO. OF DAMPER BARS/pOL_I

DAMPER BAR LENGTH

DAMPER BAR PITCH

RESISTIVITY OF DAMP. BAR @20 °

DAMPER BAR TEMP °C

I_AMPER BAR END RII_G MEAM

DAMPER BAR END RiNG AREA

RESISTIVITY OF FIELD COND@20'

NO LOAD SAT.

_,_ /7_,, ....... , NO. OF FIELD TURNS/C'_:

*_0 /3._ ' MEAN LENGTH OF FLD. TURN
....... J ......... J

_.0 ...... !o_.,,__" . FLD. COND. DIA. OR WIDTH

.d_ _:X_ _ FLD. COND. THICKNESS

Io_.O _ J!_'.o FLD. TEMP IN "C

/. I.,S
r

I. O.o '
_, 0.0 _{iFRICTION & WINDAGE

I I I

CONDUCTORS/SLOT

SLOTSSPANNED _.

PARALLEL CIRCUITS

STRAND DIA. OR WIDTH

STRANDS/CONDUCTOR iN DEPTH

STRANDS/CONDUCTOR

STATOR STRAND T'KNS.

!DIA. OF PIN

/.

/,o

COIL EXT. STR. PORT

UNINS. STRD. HT.

DIST. BTWN. CLOF STD.

*

,_&_,_.
• zg"

•/90,.

0,o

PHASE :BEL_! APIC_LE- 60.O

STATOR SLOT SKEW

STATOR TEMP "C

RES'TVY STA. COND.@ 200 C

TYPE OF _S

MAIN_ AIR GAP

• AUX GAPI;;

EFFECTIVE _3

.0o/
,ZgC.

, _,_V
I

/,0
I

.030

• _o/. 1

STATOR SLOT

DAMPER SLOT

DESIGNER

POLE I
REMARKS

I
I

DATE

• , o,z I

I



TWO- COIL LUNDE LL

I COMPUTER DESIGN

MODEL EWO

I (_0) PI PERM OF LEAKAGE PATH 1 (_,O
(81_ PZ _ OF LEAKAGE PATH ?- 0.0

1(SZ) P3 PERM OF LEAKAGE PATH 3 O.O

I _!(83) PERM. OF LEAKAGE PATH+ 0-0
P4

(B4) P$ PERM oF LEAKAGE PATH5 _.d
(8.5) P6 _RM .OF LE_AKAGE PATH 6 O. 0

I _ (86) PERM OF LEAKAGE PATH7 0.(.)
P7

--" t

(1- (80) _,m LENGTH OF LEAKAGE PAINt . /.1_
LENGTH OF ,_7

LENGTH OF I.

l.zV"

LEAI(AGE PATH Z

LEAKAGE PATH to

INSIDE DIA OF HOLLOW SHAFT ,_"

HEIGHT.OF (:OIL YOKE

LENGTH OF COIL YOKE

I _ (78) dsz
0 (78) eL%3 > $'TEPPEP _P Pi/_IEN$1ON$

(78) dr_ |

I_ (._)a_s
)

m (7,S) lsz

/.lz

140

0.0

o.0
._4"7
,I, G7

I ® (78) _s3 ;_.ffEDGAPI_RIT.0NTALt.fliG11 ,..617= _-_ _. o.o

I (7_) clo8 EFFECTIVE SHAFT___O.D, , 3./(, ,

II (z_,_)_R Pou_F_c_ _l_RMomCLOSS O. O
(IR_) lJi_l_ DAMP F_fl i_R HARI_ON I.(. LOSS . d. O

(l_ WEIGHT OF ROTOR IRON _. 0

(18) STATOR LAM. MTR'L r _ 12.,

(_s) soum _eoue,_se _; sKm'T' io,eve 16

(18) Nm Let SPlDEfl _ SH_FT C_1/£ I_"

I
I

(BECKY- ROBINSON TYPE)

(INPUT)
DESIGNNO(l)

I %z__o,_



TWO-COIL LUNDELL (BECKY-ROBINSON TYPE)

J
tu
E

SUMMARY OF DESIGN CALCULATIONS

MODEL NO.

(17) (-Is) SOLID CORE LENGTH

(24) (he) DEPTH BELOW SLOT

(26) ('rs) SLOT PITCH

(27) (Tsl/3) SLOT PITCH 1/3 DIST. UP

j(42) (Ksk) SKEW FACTOR
(43) (Kd) DIST.'FACTOR

(44) (Kp)

(45) (_e)

(46) (ac)(47) (Ss)

(49) (_t)

PITCH FACTOR

EFF. CONDUCTORS

CON D. AREA

CURRENT DENSITY (STA.)

i/)

(53) (Rph)

(54) (Rph)

(55) (EFto p)

(56) (EFb9 t)

(62) (Ai)

(63)(_e) END PERM.

(65) ( )

_,, I6611 1
(41) ('r'p)

(157) (-)

_.._ (_s) (v,)
O';l)C*cF)
(,q;_l(l_,!
(IS5_Rf)

(I_,X- } .
(iT&) (Tdo)

(177) (Ta)

(178) (T' d)

(179) (T'd)

_u (81) (P_.IV

z j (SZ) (P3)
_(83) (P,t).
(8_) {Ps )
±8s) CP,.)
CB6)

PERCENT LOAD

.__ ) ("@ N.p. D_NS.'Y

) (toS) S.P. DENSITY

_._ _) (IZS) (.OIL. YOKE DEMSIIY

(j__Q (113)S_Fr DzNSrry
_(3 Cb(t1_))^ux _.A;,_)_r_,_

( izz)Aux (_P (Sz)_N_ YrY

a_.l__ (kz71TOTALN_ m

,,,__H_-) (IZ'/b) FIELD V(_.T5

_, ) (185_ ,STA core loss

(--_ (19S) ePl)Y Los_

(WP_L)( Ig6_P__ F_ce Lo_5

P_e)(l_Z) FIELD ¢.Otk t,.OS_,

j ,v) (re,3) F,iw _.or.s
(--') (,19_,)TOTAI- kO$SeS

(--) ( -- ! P_RCeI_t" E:FF

•_" (

EWO

2.39200
.54500
o2053 9
.21509

1000000

095492
086609

187007614
0ol 184

6964030000
607500o1/2 MEAN TURN

COLD STA. RES.@20°C

HOT STA. RES.@X°C

EDDY FACTOR TOP

EDDY FACTOR SOT

STATOR COND. PERM.

WT. OF STA COPPER

WT. OF STAIRON

POLE PITCH

WT OF ROT.R IRON

PERIPHERAL SPEED

FLD COND. AREA

COLD FLD RES @2_C,
HOT FLD RES @X°C

WT OF FLD COPPER ;

OPEN CIR. TIME CONST.

ARM TIME CONST.

TRANS TIME CONST.

SUB TRAN TIME CONST.

pERM OF LGAt¢.A(,E PATH •

PeAR o¢ LikKAGE PATH 7..

P_R_. OF .L_A,Y_._E PATH 3

PER_ o1: _AK/_,G_ PATH _r

,PERIq Of LEAVdI_6E I_TH_

PERI_ OFLeA___&E_ b
IpeR_ o_ U_:A_ m_ 7

0

62.968
76.907
73.110
72.568
30.125
41.508

1406.800
8.275

12250900_
7.005

2 95.540
156.930

0027
0000
.000

197.050
53.553

6 58.960
13620060

.000

002847
005827

1022960
1003240
4.99360
5.75770
5054410

13073600
2.7728o

o00000
11 OO4. 00000

000675
.39100
.846 52

409726O
028595
000421
082680

000500
4O01390O
85033700
58.54000

182022000
23088500

360796oo
22.163OO

(_r-L (215)

OI,ra_l(zzs)

(i},y,w_(¢_Z)i

(_R.)(Z_)

(B_zrcl(zz_)

( Fr-,,} (_)

(_e,- (Z)7)

(EFFL_Z] ._

(w=) (leS)
(wh_.| (z,_O
i(.wa_Xz_
(_'e,)(z4s)

(wer,.1(z'_)
l(_'Re) (z_e)

(_w) (,s3)
(-) ('z,r0
(-) (zs0
(

REMARK_

DES f'GN NO_

1002895
.03 086

1 .o9500
.43 o OO
.67800

4015000
.85500
042000

6 95.77 00o
.93897

10009522

122063436
55.01501

132072958
65.11 O23

425,973 20
022362

27 36432
5_ 19697-

436.06842
383.74021
37.45954
15.29219
20. 54119

1.76872- --
2634.60000

223 o 27O0O
45068600

1O3. 960OO
850637OO
62.80600
13.243 O0

442008000
1534.15030

091698 _

100

90.81 9
]020720

105.440

: 1O60O7O
430450
57.173

27450000
160147

__23 92.1 O0
130669

2950540
257.329

0067
11890 963

155,885
238.463
4410418
6580960

3237.628
87.401

(OUTPUT)

ICARTER COEFFICIENT 1(67) (Ks)
EFFECTIVE AIR GAP (69) (ge)

RATIO MAX FUND. (71) (C1)

WINDING CONST. (72) (Cw)

POL_ COH_T. (73) (Cp)

END. EXT. ONE TURN (48) (LE)

DEMAGNETIZING FACTOR (74) (CM)

CROSS MAGNETIZING FCTR

AMP COND/IN

REACTANCE FACTOR (17-9) (X)

LEAKAGE REACTANCE (130) (xL)

REACTANCE DIRECT AXIS

REACTANCE QUAD AXIS

SYN REACT DIRECT AXIS

SYN REACT QUAD AXIS

( ,31) (Xa d) I
(,_ (Xa_)
(_3) (Xd)

(13_) (Xl,) _11

FIELD LF.AKAC,p- REACT (VoO) (X'_) CI
FIELD SELF INDUCTANCE (|&l) (LF) t-U
LF.AKA6E REACT DIRECTAX.

UF._v,_P- REACT qUAD AX.
UNSAT. TRANS. REACT

SAT. TRANS. REACT

SUB.TRANS REACT DIRECT AX.

SUB.TRANSR_ACTQUADAX.

NEG SEQUENCE REAC.T___
ZERO SEQUENCE REACT

TOTAL FLUX

FLUX PER POLE

GAP DENSITY _MAIN)

TOOTH DENSITY

CORE DENSITY

TOOTH AMPERE TURNS

CORE AMPERE TURNS

GAP AMPERE TURNSO u_q)

SHORT CIR NI

(IG5) (XD%) {

(166) (X'du)

m(1681(x'a)

O X

(9o>(¢;>
(')))(_g) o
($S) (S_)

(_) (B')

(97_) (F_) )
(?8) (Fc_ )

(96) (FG)
I(,_)(F_C)

_9___ ( toO( $cR

i
150

1030810
116.o30

1200530

121. 240
490668

65.069

3479.600
20,468

30320300

17,327
2950540

3650232

0071
17840945
233.827

252.405
7O9028O
658.96O

430O0263
88.680

200 OPTIONA'I I

1170870_
1300180
136086O_-

137.670
5603 95
73.558

43850900
250799

382201 O0
210839

2950540
510.755

0074
23790927

311,770
261.53 0

11260867
658.960

5545.425
89.011

DESIGNER
DATE



I

I
!

8O%

I 9O%

I00%

I
12_

I
130%

I.

I

140%

150%

I160%

I

I

!

TWO-COIL LUNDELL (BECKY-ROBINSON TYPE)

NO LOAD SATURATION OUTPUT SHEET

(3) (E)

Volts

(125) By 2

Coil yoke

168.80000

57. 14238

I_: 900006 5303
i i

2 11. 00000

73.11561

   :1oooo91592

253. 20000
92.86 159

L.

274.30000
106.53 195

?

(95) Bg Density

Main gap

(105) BSp

Density S. P.

36.53 040

60.21276

41.1 0238

68.09763

45.68795
76.91285

50. 27786
86.05598

54.8 9966
97.29131

59.55786

111.16922

14ACHINE SATUI ATED

(122) Bg 2
Density g2

(116) BNp

Density N. P.

32.42266
49.21551

36.68989

55.68427

41.51155

62.97291

46.53 098
70.55242

52.80304
79.97969

60.67270

91.75368

(119) Bg 3
Density g3

(113)By 4

Shaft density
!

23. 54603

56.78554

26.64086

64. 22996

30.12794
72.57350

33.75419
81. 233 96

38 26445
91:91632

43.89744

105.15264

[94) B c Density

Stator core
!

(93) 0 p

Flux per pole
I

68.47527
178.53424

77.04533
200.87879

85.64086

223.28 973

94°24453
245.72192

102. 90799
268.3 0995

111.63966
291.07587

i

(91) ' " 'B T Densit

Stator tooth

(127) FNL

Total NI
i ii

83. 13275
1015.92030

93.53 727
1173.3 7650

103. 97271
1406. 94120

114.41804

1670.84960

124.93 594
2115.06860

135.53667
2810.30000



30.

0.0

.03

0.0

I.

1.0

.658

.030

6.87

I.24

I NPUT PARAI4ETERS I

211. 121. 3. 400. 8.

7.060 9.150 2.6 0.0 0.0

.117 O.O O.0 .117 .030

.038 108.0 I. I. 2.

.063 .25 .25 .190 O.

.030 .01 .015 1.095 .43

1.45 2.20 2.20 1.45 2_4

.030 .050 .170 .05 5.

.0396 170. 13.5 1.125 .006

INPUT PARAHETERS 2

5.6 .66 1.24 .76 .76

1.22 1.90 2.54

3.16

6000.

.92

.400

9.

60.

.678

204

5.65

315.

1.5

82.5

15.

0.0

I.

.001

4..15

7.0

.28

1.15

1.18

.76

.657

.75

77.

.00

.19

285.

.855

1.92

.6 94

O.

.87

.8

.657

.

2.

.5OO

1.0

.694

.42

7.

285.

O.

1.2

.8

.657

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

140.

3.8

35.

230.

143.

24.0

300.0

150.

16.

70.

600.

150.

16.

70.

600.

SATURATION CURVE VALUES (STATOR)

10. I. .38. I .9 59.

75. 7.6 86. 16. 93.

100. 90. 107. 160. 118.

140. 950.

SATURATION CURVE VALUES (NORTH POLE AND SHAFT)

O. 3.3 55. 12.0 80.

95. 40.0 109. 72.0 135.

143. 500.

SATURATION CURVE VALUES

O. 3. 34.

85. 24. 103.

137. 130. 145.

15o. 15oo.

(SOUTH POLE AND TUBE)

10. 57-

35. 125.

260. 148.

SATURATION CURVE VALUES

o. 3. 34.

85. 24. IO3,

137. 130. 145.

150. 1500.

(YOKE)

10. 57.

350 125.

260. 148.



I

I

I
TWO-COIL LUND E L L _BE CKY-ROBINSON TYPE)

I

I
I

I

I
I
I

I

I
I

I

I

I
I

I

(1)

(2)

(3)

(4)

(5)

(Sa)

(6)

(7)

(8)

(9)

(9a)

(i0)

KVA

E

EpH

m

P

RPM

IpH

P.F.

K C

DESIGN NUMBER - To be used for filing 9urposes

GENERATOR KVA

LINE VOLTS

¥
PHASE VOLTS - For 3 phase, _connected generator

(Line Volts) (3)
EpH =

For 3 phase, _connected generator

EpH = (Line Volts)= (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In re_h.,tions .per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR - When P.F. = 0. to. 95 set K
c

whenP. F. =.95to 1. setK c= 1.05

=1.;

LOAD POINTS - The computer program is set up to have the

0. %, 100%, 150%, 200% load points as standard out-

puts. There is an additional space available on the

output sheet for one optional load point. This optional

I



(11) d

(lla) dr

(12) D

(13)

(14) n v

(15) 1>,,

(16) K i

load point will be the designer's choice and can

be selected anywhere in the range of 0 to 20070

load. When an optional load calculation is re-

quired, insert the per unit load value on the in-

put sheet. The optional load point will be cal-

culated in addition to the standard points listed

above. For example, insert .33 on the input

_:,_.heet when the optional load calculation for 3370

load is required in addition to the standard

points.

If only the standard points are required, insert

0.0 on the input sheet and the optional load column

will be blank.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches.

ROTOR O.D.- The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing in inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, the burrs due to

slotting, and the deviations in flatness. Approxi-

mate values of Ki are given in Table IV.

I

I
I

I

I
I

I

I
I
1

I
I

I

I

I

I

I

I

I



I

I
I

l

I
I

l

I
I
I

I

I
I

i
l
I

I

I

I

(17)

(18)

£

THICKNESS OF
LAMINATIONS
(INCHES) GAGE Ki

.014 29 O. 92
• 018 26 O. 93
• 025 24 O. 95
• 028 23 O. 97
.063 -- O. 98
• 125 -- 0.99

TABLE IV

SOLID CORE LENGTH- The solid:length is the gross length

times the stacking factor. If ventilating ducts are

used, their length must be subtracted from the

gross length also.

fs -= (Ki)[(_)- (nv)(bv)J = (16) _(13)- (14)(15)]

MATERIAL- This input is used in selecting the proper mag-

netization curves for stator; tube, south pole and

skirt; yoke; north pole, spider and shaft; when dif-

ferent materials are used. Separate spaces are"

provided on the input sheet for each section men-

tioned above• Where curves are available on card

decks, used the proper identifying code. Where

card decks are not available submit data in the

following manner:

The magnetization curve must be available on semi-

log paper• Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density. Re-

cord the coordinates of the points where the



(19) k

(20) B

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

4

I

I

I
I

Refer to Figure below for complete sample

¢D

,i-4

@
P-4
.,-4

60

5O

4O

3O

2O

10

0

Straight Line
Segment

Max.
Point

of
Straight Line

Segments

Sample
Input Data

Density

0
3 10
4 27
5 32
6 40
7 48
8 55

ght Line
Segment

Ampere Turns Per Inch

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density used

in Item (19) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in 2.

Max. i
0

1.5

1.9 a2.5
4.9
9.0

12.0

I

I

I

I

I

I



I
I

I
!

i

I
l

I
I

I

I
I
I
I

l
I

I

I

I

(21)

(22)

(23)

(24)

1

2

3

4

5

b(

bl

be.

bs

hc

hl

h2

h3

hs

ht

Q

h c

TYPE OF STATOR SLOT - Refer to Figure I, Page

for type of slot.

For (a) slot use 1. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DIMENSIONS - Given in inches per Figure ]

Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

STATOR SLOTS - Number of.

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.

5



(25)

(26)

(27)

(28)

(29)

q

TS

l"si/3

Due to mechanical strength reasons, h c should

never be less than 70% of hs.

2 2

I

I
I

SLOTS PER POLE PER PHASE

= (Q) = (23)
q (_ (_) t_)

STATOR SLOT PITCH

Ts = 7F(d) = )7"(11)
Q

STATOR SLOT PITCH - 1/3 distance up from narrowest sec-
-41

tion. For slot (a), (b), (c), and (e) .....

"_sl/3 = ?r_(d)+. 66(hs)] = 7/'_11) + .66 (22_

(Q) (23)

For slot (d)

?T[(d) + 2(h O) + I.32(bs)}:

(_

"_F_(ll) + 2(22) + 1.32(22)]

(23)

I

I

I

I
TYPE OF WINDING -Record whether the connection is "wye"

of "delta". For "wye" conn use 1. for input. For

"delta" use 0. for input.

TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use 0.

for input. For formed coils use 1. for input.



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(30)

(31)

(31a)

(32)

(33)

(34)

ns

¥

C

NST

7

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80%. Where space factor is the

percent of the total slot area that is available for

insulated conductors _ all other insulation areas

1_een subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot 1 and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole

pitch. This value must be between 1.0 and Q. 5 to

satisfy the limits of this program.

= (Y) (31)
(m) (q) "-_5) (25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a rectangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For



(34a)

(35)

(36)

(37)

(38)

IN .qq_

db

_e2

hST

!

hST

example, when the space available for one conductor

is .250 width x .250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

one strand_f

I

[
ltonecon c*1

For a more detailed explanation refer to section

titled "Effective Resistance and Eddy Factor" in

the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTOR - This number

applies to the strands in depth and/or width and

is used in calculating the conductor area. Item

i

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PIN -in inches - This pin is used

in forming coils. Use . 25 inch for stator O.D. <. 8
inches use . 50 inches for stator O.D. _ 8 inches.

COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor ca]culations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH

in inches.



i

!

I
i

I
I

I

i
I

I
I
I
I

I
I

I

i

I

I

(39)

(40)

(41)

(42)

(42a)

(43)

I im

%

KSK

K d

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

"T'p:"/r(d) = )'F(11)
(P) (6)

SKEW FACTOR - The skew factor is the ratio of the volt-

age induced in the coils to the voltage that would

be induced if there were no skew.

When _'SK = 0, KSK = 1

_(_K_
_nL_,%,j sin _(40)_

KSK= 7T(TSK ) - __

2(Tp)
PHASE BELT ANGLE - Input

For phase belt angle = 60° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voltage induced in the coils to the

voltage that would be induced if the windings

9



were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Kd = Sin 30 ° = Sin 30 °

(q) Sin _30/(q)] (25}Sin_O/(25)]

For 60 ° phase belt angle and (q)_ integer

reduced to lowest terms.

= N/B

When (43a) =_ and (25) _ integer = N/B reduced

to lowest terms

= Sin 30 ° Sin 30 °

Kd (N) Sin_30/(N)] = (43)Sin _30/(43)]

10
I

I

I

I

I

i

I

I

I
r
i

For 120 ° phase belt angle and (q) = integer

When (43a) = 120 and (25) = integer

Kd = Sin 60 ° = Sin 60 °

2(q) Sin _30/(q)] 2(25) Sin _30?(25)_

For 120 ° phase belt angle and q 2# integer

When (43a) = 120 and (25) 2_ integer = N/B re-

duced to lowest terms

K d = Sin 60 ° = Sin 60 °

2(N) Sin [30/(N)] 2(43) Sin _30/(43)]
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I
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(44)

(45)

(46)

n e

ac

11

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil• See Table 1 for compilation of the pitch factors

for the various harmonics.

Kp-sin__x 90_-sin__x 90°_

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor•

(Q)(ns)(Kp)(KsK) (23)(30)(44)(42)
n - --

e (C) (32)

CONDUCTOR AREA OF STATOR WINDING in (inches) 2 -

The actual area of the conductor taking into account

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

If (39) -- 0 then ac = "257T(Dia)2 - "25//'(33)2

If (39) _ 0 then a c = (N'ST) [(strand width) (strand

depth)-(.858 rc2)_ = (34a)_(33)(39)- (.858 rc2 _

where . 858 rc 2 is obtained from Table V below.

• 050

(33) . 188

• 688

• 000124

• 189 (33) .75

• 000124

(33) . 751

• 00754

• 000124

.072 .000210 .000124 .000124

.125 .000210 •00084 .000124

L.165 •000840 .00084 .003350
.225 .001890 .00189 .003350
.438 -- .00335 .007540

• 03020

•01340

• 03020

TABLE V



(47)

(48)

(49)

(50)

SS

LE

Xs°C

121
CURRENT DENSITY-Amperes per square inch of stator

conductor I

- (8) . =,"SS = . (IPH) I

(C)(a c) (32)(46)

END EXTENSION LENGTH in inches Can be an input or I

output. !

For L E to be output, insert 0. on input sheet.

For LE to be input, calculate per following: I

When (29)= 0. then: I

L_ _, __*_s_] : _,I_,_ _0_:__.__i__6__
(23)

When (29) --- 1. then: !

= + ( ---_-L E 2_e2_ _T" (:a . I
2

2 _ bs |
m

I
1/2 MEAN TURN - The average length of one conductor in

inches.

_t = (_) + (LE) = (13) + (44)

STATOR TEMP °C - Input temp at which F.L. losses will

be calculated. No load losses and cold resistance

will be calculated at 20°C.

I

I

I

I



I

I

I
I

I

I

l
I
I

I

i
I
l
I

I
l
I

I

(51)

(52)

(53)

(54)

(55)

P_PH
(cold)

RSPH
(hot)

EF
(top)

13

RESISTMTY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm -inches.

r- obm-cir
ohm-cm ohm -in mil/ft

6.015 x 1061 ohm-cm =

1 ohm-in =

1 ohm-cir mil/ft =

I.000

2. 540

I.662 x 10 -7

0.3937

1.000

6.545 x 10 -8

I. 528 x 107

I. 000

TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at Xs°C in micro ohm-

inches

= [, 2s4.5 =(Si)L_2s_.5j

STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms

RSPH(cold ) = (7_s)(ns)(Q)(_t) x 10-6 = (51)(30)(23)(49)xi_ _
(m)(a c )(C)2 (5)( 46)(32 )2

STATOR RESISTANCE/PHASE -Calculated @ X°C in ohms

RSPH(hot) = (/s_s hot)(ns)_Q)(_t)

(m)(ac)(C)2

x 10 -6 (52)(30)(23)(49)

(5)(46)(32) 2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = 1

I



(56) EF
(bot)

(57) btm

I
14

%jL j?, i
,c,_]' |

U,_c,"Ao,:j |

= 1 + 84 + E---i- 6- 3[(37)(4g)_(o. o_ x 10 -3

EM 3 I

EDDY FACTOR BOTTOM - The eddy factor of the bottom

coil at the expected operating temperature of the

machine. For round wire EF(bot ) = 1

_7)(3o)(5a)(4_
- (ss)-1.677_ _ lO-3

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I

btm - (Q) (bs) =_- (22)

I

I

I

I

I

I

I

I

I

I
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(5_a)

(58)

(59)

(59a)

(59b)

I:_1/

g

g2

15

For slot type (c), Figure I

btm- (Q) - (b3)= (23) (22)

STATOR TOOTH WIDTH I/3 distance up from narrowest section

For slots type (a), (b) and (e)

bt 1/3 = (Ts 1/3 ) - (bs) = (27) - (22)

For slot type (c)

bt 1/3 = btm = (57)

For slot type (d)

bt 1/3 = (T1/3) --

TOOTH WIDTH AT STATOR I.D. in inches -

For partially closed slot

bt=_-b0= _- (22)

For open slot

b t = _- b s
7/'(11)

= -P233--(22)

3 (bs) = (27) - .94(22)

MAIN AIR GAP in inches.

AUXILIARY AIR GAP in inches. Refer to Figure 3

TYPE OF GAP g3" Refer to Figure4

For stepped gap use 1. on input sheet.

For tapered gap use 2. on input sheet.



(59c)

(59d)

(59e)

(59f)

(60)

(61)

g3

g3-1

g3e

CX

KX

16

AIR GAP (g3)in inches - Refer to Figure 4

When (59b) = 2___.then g3 = g3e

(59c) = (59f)

When (59b) = 1. go on to (59d)

AIR GAP g3-1 in inches. Refer to Figure 4-

AIR GAP g3-2 in inches. Refer to Figure 4-

EFFECTIVE AIR GAP LENGTH TO BE SPECIFIED ON

INPUT SHEET

When (59b) = 2. then g3e = g3 or (59f) = (59c)

When (59d) = (59e), then g3E = (59d)

When (59d) _ (59e), then g3E = (59d) + (59e)

2

REDUCTION FACTOR - Used in calculating conductor per-

meance and is dependent on the pitch and distri-

bution factor. •This factor can be obtained from

Graph 1 with •an assumed K d of .955 or calculated

as shown.

Cx = (Kx)
(Kp)2 (gd)2

(61)

(44)2 (43)2

,':,'_,T_.. i "-'-÷" .q._ii,,-__.:---- "_" :":_ ...."" "--_, - ................ -=-: :'-"

Factor to account for difference in phase current in coil

sides in same slot.

!

!

!

!

!

!

!

!
!

I

I

I

I

I

I

I

I

I
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(62)

•/-_ 3(31)

KX = "/_[(5)(25)

or

For 60° phase belt winding, ie when (42a) = 60

K X --I/4_ 3(y) + I 1 where 2/3 --<(y)/(m)(q) _ 1.0/(m)(q)

+ 11 where 2/3 _= (._la)= 1.o
J

..r _Kx = 1/4[( m
b,-.

•-.F 6(31)

K x = w_l_(5)(25) - 1

where 1/2 _= (31a) = 2//3

where 1/2 _ <
= (31a) = 2//3

For 120 ° phase belt winding, ie when (42a) = 120

K X =

K X =

.7 5 when 2//3 --<(y)/(m)(q)

.75 when 2//3 _= (31a)

or

KX =. 05i2m_- 1lwhere 1//2 =<

KX = "05r24(31) - IL(3)(25)

(Y) < 2//3
(m)(q) =

where 1//2=_ (31a) _ 2/3

CONDUCTOR PERMEANCE - The specific permeance for the

portion of the stator current that is embedded in

the iron. This permeance depends upon the con-

figuration of the slot.

(a) For open slots

(h1) (bt)2 __+ 16(Ts)(g) +



' I(1)) For partially closed slots with constant slot width

2(ht) (hw) (hI) (bt)2 .35(b t)

(%)

I 2 0

_i (60) I_= (5)(25)
LL"

2(22) _ (22)+ (22) + (22) + +

(58)2
+_+

.35(58)]

(26) j

re).For partially closed slots ('tapered sides)

20 Rho ) 2(ht) _(bw) (hl) _t )2 "35_t)_

_ ,,,, 20 _22) 2(22) .z(2__2)(22). (ss)2 .3s(s6)_-

(d) For round slots I

I

(e) For open slots with a winding of one conductor per slot I

_'i= (Cx)(m)(q) +_ + "6 + ÷ I
_.o V(_._.) (59) (26)]

_= (60)_-%_+ 3_+ "6 + 2-'_ + 4(59)J i
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(63)

(64)

(65)

KE

E

19

LEAKAGE REACTIVE FACTOR for end turn

Calculated value (LE)

KE = Value (LE) from Graph 1 (For machines where_tT)_ 8")

where L E = (48) and abscisa of Graph 1 = ()')(_s) = (31)(26)

=_alculated (For machines where (11)<8")
value of

(L E)

KE _Value (LE) from Graph 1

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

"_"_ = (,_)(Kd)2 _---J- (13)(43)2 L--_j
/,"E-I

The term | 2n | is obtained from Graph 1.
t._ _.J

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol origin is included on Graph 1.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = . 321(ns)(Q)(ac)(_t) = .321(30)(23)(46)(49)

NOTE" This answer is given in lbs. based on the density

of copper. If any other material is used, the

answer on output sheet can be converted by the

designer by multiplying by the ratio of densities.



(66)

(67)-

(68)

(69)

K s

Ag

ge

!
20

WEIGHT OF_ ST_._AATO__._RRmO.__._NN- in lbs. I

#'s iron =. 283 ((btm)(Q) (_s)(hs) , 1T_)- (hc-_ (hc)(_s)_ I

CARTER COEFFICIENT

Ks = (For open slots)

!

!

!

S.

(26)_(59)+ (22)_
(26) _(59) + (22_ - (22) 2

_s _. 44(g)+. 75(bo) _

_s _" 44(g) +. 75(bo)__- (bo)2 (For partially closed slots)

!

!
!

K s =
(26) 5. 44(59) +. 75(22)-]

(26) 5" 44(59) +. 75(22)_ - (22) 2

MAIN AIR GAP AREA - The area of the gap surface at the

stator bore.

Gap Area = 7r(d)(_) = _r(ll)(13)

EFFECTIVE AIR GAP

ge = (Ks)(g) = (67)(59)
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(70)

(70a)

(71)

Ag3

C1

21

AUXILIARY AIR GAP (g2) AREA

:" Tr_dir) + _g2)] (_g2)

=/r_78) + (59a_ (78)

AUXILIARY AIR GAP (g3) AREA

When (59b) = 1.0 calculate as follows"

; }
= All dimensions located at item (78)

NOTE: Number of steps limited to 5 in this program.

When (59b) = 2.0 calculate as follows:

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form - This term

can be an input or output. For C 1 to be output insert

0. on input sheet. For C1 to be input, determine C1

as follows:

For pole heads with only one radius, C 1 is obtained

from Curve #4. The abscisa is "pole embrace" (,_)

: (77). The graphical flux plotting method of deter-

mining C1 is explained in the section titled "Deriva-

tions" in the Appendix.



(72)

(73)

(74)

C W

Cp

C M

|

WINDING CONSTANT - The ratio of the RMS Iine voltage for a

full pitched winding to that which would be introduced

in all the conductors in series ff the density were

uniform and equal to the maximum value. This value

can be an input or output. For CW to be an output,

insert 0. on input sheet. For CW to be an input, cal-

culate as follows:

C W =
(E)(C 1)(Kd) ffi (3)(71)(43)

(EpH)(m) _ (4)(5)

Assuming Kd ffi . 955, then CW = . 225 C 1 for three

delta machines and C W = . 390 C 1 for threephase

phase star machines.

I

I

I

I

I

I

I

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. This ratio can be an input or

output. For Cp to be an output, insert 0. on input I

sheet. For Cp to be an input, determine as follows.

For pole heads with more than one radius Cp is cal-

culated from the same _ield form that was used to

determine C 1' and this method is described in the

section titled "Derivations" in the Appendix. For

pole heads with only one radius Cp is obtained from

curve #4. Note the correction factor at the top of the

curve.

DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For C M to be an output, insert

0. on input sheet. For C M to be an input, determine

as follows:

l

t

I

I

I

l
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(75)

(75a)

Cq

C M = =

(77)77"+ sin [-(77)7T']

4 sin _(77) 71"/2-]

C M can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor

can be an input or output. For C to be an output, in-
q

sert 0. on input sheet. For Cq to be an input, deter-

mine as follows:

Cq =

C
q

:/2

z

1/2 cos[" (77) 7T/2"]+ (77)77- sin[(77)_']

4 sin[(77) 7T/2"]

can also be obtained from curve 9.

t VALID pol_
CON6E N TI_.I C

?o LE S.

TYPE OF POLE - This computer program is presently

set up to handle two types of pole shapes:

1) A rectangular or square type of pole.

2) A hexagonal type.

Refer to Figure 7_
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Type 1 (Rectangular or Square Pole)

f

£i

._Z.° ,.-,l

:z!

I
I.

[-_[ i

,-it I

_ L

i i

I

I.-

:2

°1F

Type 2 (Hexagonal Pole)

SKIRT

N O RTI---I POLE-

,.5oUTN POLE- ---....,__LEMQTF4 OF

LEkiqTI---I Oi=" -'---2 _ I
_El_I,6 EA M C-E. I
_A"r M _L "---- _ ---_

The above sections represent a view into the north and
south pole from main air gap. This program is pre-
sently set up to handle only two types of pole shapes:

1) Rectangular or square, 2) Hexagonal.

Figure 2

__._q

F

o

h-
o

Z

F
t)

D
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(76)

(77)

(77a)

25

POLE DIMENSION LOCATIONS per Figure 2

All dimensions given in inches.

bsp(end) - Width of south pole at end of stator stack.

bsp(mid) - Width of south pole at middle of south pole.

bnp(end) - Width of north pole at end of north pole.

bnp(mid) - Width of north pole at middle of north pole.

"_sp - Length of south pole.

_np - Length of north pole.

POLE EMBRACE - This value must be recorded on the

input sheet.

When bnp(end) = bnp(mid)

c_ = [bnp(end) _ = (76)

When bnp(end) _ bnp(mid)

o< = (V(e) + (C<m) = (77) + (77)
2 2

Where (_=,Ebnp(end)) = (76__))

('/"p) (41)

ex:
LBnp(mid_j = (76)m =

("Fp) (41)

The next eleven (11) items deal with the calculation of rotor

and stator leakage permeance. A number of illus-

trations are included to help identify and locate the



(78) 1

I

26

!
actual path. This computer program is set up to

handle the permeance calculations two ways: g

1) 1) 1 through 1)7 can be calculated by computer. For I

this program insert 0. on input sheet.

2) 1)1 through 1)7 can be calculated by designer. For I

this case insert actual calculated value on input

sheet. I

1)ermeance calculations P1 through 1)7 are all based

on the equation

1) = ,_ (area)

Where,= 3.19

Area _ = cross sectional area perpendicular _o..

= length of path

ROTOR DIMENSION LOCATIONS per Figure _et._w

TTs_ "--Z s/('
_L

T

!

!

Figure 3
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I
__I

!

s T
GTEPPED

I
I

7
",COIL /"

X,,(/

' '%,,

/ \.

C E k.ITE R,LI NE

TA_. R E IZ) GAP

Figure 4

dsl

ds 2

as3

as4

as5

dos.

,_sl"

Is2

_s 3

,_s4

2s 5

Diameters of steps in stepped gap g3. Computer

program is set up to handle a maximum of 5 steps.

Where the dimensions do not apply, insert 0.0 on

input sheet.

Horizontal length of stepped gap g3" Computer

program is set up to handle a maximum of 5 steps.



(79) anp

dir

dto

dtl

hnp

hy

ly

,_y4

,_g2

Tsp

Tsk
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= inside diameter of tube.

= inside diameter of hollow shaft.

For tapered gap only. Insert 0.0 on input sheet

when stepped gap is used.

= Height of north pole.

= Height of yoke.

= Length of yoke.

= Effective length of shaft - the portion carrying flux.

= Horizontal length of g2"

= Thickness of south pole.

= Thickness of rotor skirt.

All dimensions given in inches.

All dimensions listed above that apply should be

filled out on input sheet. Where the dimensions do

not apply, insert 0.0 on input sheet.

NORTH POLE AREA- The effective cross-sectional area

of the north pole.

When bnp(end ) = bnp(mid )

anp= (_np)_bnp(end)_

= (76) (76)

When bnp(end) ;_ bnp(mid )

anp =(_) _(bnp(end)+ (bnp(mid)_

2

When radially tapered poles are used, use the dimen-

sions at the base of the pole to calculate the area.

I

I

I

I

I
I

I
I
I

I

I
I

I

I

I

I

I

I

I
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(79a)

(79b)

asp

ask

/
!

-%

.i)___!

SOUTH POLE AREA - The effective cross-sectional

area of south pole. Cross-sectional to the path

of flux at the point in line with edge of stator

stack.

asp = _bsp(end)_ (Tsp)

= (76)(78)

AREA OF SKIRT- At entry edge of auxiliary air gap g2

in inches 2.

ask = ff _dr)- (Tsk)](Tsk)

- - _n_)- (78)_(78)

--A--

},
i

i

F2,
........... ..... " ........I

f..... V _
,7 _ 2

Figure 5
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(80)

(80a)

(81)

P1

P2

3O

POLE HEAD END LEAKAGE PERMEANCE -This input

can be either 0.0 or the actual value if available.

Refer to Item (778) for explanation. See Figure q-

for location.

P1 = 3.19 _(bnp (end)) + (_2)]_Tsp) (p)}

= 3.19[(76)+(80)]_78)(6)]
(80)

Where _1 = length of leakage path P1 and must be specified

on input sheet. Refer to Figure 2. for location.

POLE HEAD SIDE LEAKAGE PERMEANCE - Refer to

Figure Z

This input can be either 0.0 or the actual value if

available. Refer to Item (77a) for explanation.

When bnp(end) -- bnp(mid)

p2 = 3.19_np)+ (_L)7 (Tsp)(P)

(_ 2)

P2 = 3.19[(76) + (80)_ (78) (6)

(81a)

When bnp(end) / bnp(mid)

p2 = 6.28_np(midi)-'bnp'end)] 2+ (_np) 2 +_7(Tsp)(P)

Z2

(81a)

I
I

I

I

I
I

I
I
i

I
I

I
I

I

I
I

I
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(818)

(82)

(82a)

(83)

A_

P3

4e_
v

P4
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LENGTH OF LEAKAGE PATH P2 and must be specified on

input sheet. Refer to Figure _ for location.

POLE BODY END LEAKAGE ]PERMEANCE - Refer to

Figure

This input can be either 0.0 or the actual value if

avai]a!_le. Refer to Item (778) for explanation.

P3 = 3.19_bnp (end)] _hnp) - (Tsp)] (P)

_3

(82)

LENGTH OF PERMEANCE PATH P3

-_dr)- (dos)]-_- - (Tsp)

"_(lla) -(78) l 7r- T - (78)

POLE BODY SIDE LEAKAGE PERMEANCE - This input

can be either 0.0 or the actual value ff available.

Refer to Item (77a) for explanation. This calcula-

tion varies with the number of poles. The four-

pole calculation differs from the six-pole calcula-

tien but the 6, 8, 10 and 12 pole calculations are

the same. Refer to Figures 7_8_9



32:
When (6) =2 and bnp(end) = bnp(mid) i

p4-3-19t(-_A- (T-_pl)4!(_np'-('#1'_(P)

[(na) -]r I
= 3.19 [-2- - (78)_ [(76)+ (80)J (6) I

(83)

(dr) -(d°s) 'T ' I
Where 4 = ----Y-- - t spJ

(lla) - (78) I
= _____ - (78)

When (6) = 4 and bnp(end) _ bnp(mid) I

3.19{_ -_- (Tsp)_bnp(mid)'(bnp(end)_2+(_np)2+ (_)_2(P) I

P4= (/4)

[(-_-(78_L_-4--i[(76)- (76)]2 + (76) 2+ (8--_°)._ 2(6)

= 3.19 (83)

When (6) _ 6 and bnp(end) = bnp(mid)

(_)

_,,a) (,8) )][ ]= 3.!9 _ (78 (76)+ (80) (6)
(83)

%Vhere24 a =[(d._! (Tsp)] sir, 2(-_[I - (_--_)-]-(bnP: end)

{(_- (78)_ sin _-(7_)-_ - (76)=

I

I

I

I

I

I



I

I

I

I

I

I

I

I .. .&. ( dr -4_s _')-tsp: (dr-dos) _'-ts P

P 3 =
3.19_ (_ - tsp) p

Z 3

Figure 6
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FOUR (4) POLE ALTERNATOR

/

35

/

I

I

I

I EIGHT (8) POLE ALTERNATOR



P4

bNp

/

/

\

TWELVE (12) POLE ALTERNATOR

d [i_3__4 = - tS sm.--_- -

Figure 9
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I

I

I

I

I

I

I

I

I

I

I

I

(84)

(85)

P5

P6

37

When (6) _ 6 and bnp(end ) _ bnp(mid )

p4= 6.28_-_)'(Tsp)_l J_bnp(mid)-(bnp(end)_2+(_np) 2 + (_}_(P)

1 _.76)-(76)]2 + (76) 2 +(?!_ (6)[(lla)-(78)_ E= 6.28L--E- •

(83)

COIL LEAKAGE PERMEANCE TO A NORTH POLE This

input can be either 0.0 or the actual value if

available. Refer to Item (77a) for explanation.

See Figure Io for location.

P5 = 3.19 (bnp(end)(_6)_ (P)

_c)

= 3.19 (76)(85) _ (6)

(84)

Where_ c = length of leakage path P5 and must be

specified on the input sheet. Refer to Figure |O

for location.

NOTE: This covers the leakage for both ends of

rotor.

COIL LEAKAGE PERMEANCE TO SOUTH POLE -This input

can be either 0.0 or the actual value if available.

Refer to Item (77a)for explanation. See Figure 11

for location.
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|
I

tl -¸ , I
_\ [,, T I P/=

^-_ |

I 2
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I
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Figure I0 -_ l



I

I

I

I_ZA_2 . " ./ P ,

I _p_ _o o

/,,I l

,

39

FLUX LEAKAGE ACROSS FIELD COILS

I

I

I

I

I

I

I

I

I

COIL

_.__MF

Fy3 Fg3

FSp Fg F T

P6 =

_6 LEAKAGE
FLUX

8

i FCOR E

y4 NP g FT

3.19 _L_c cx_ (dr - 2tsp ) _ (P)

_6

3.19 _c _ (dr " "2%9)/7"

_6
F I£.,oR'E I!



Leakage Fluxes _)5 and _6

(Leakage across the field coil _6'

and through the field coil _5)

.,--.(y-

I
I

/ o
I " '

"-..
I 95 __

POLE

S_AFV--

4O

I

I

I

I

I

do s = diameter of outer shaft

Ay 2 = area of yoke at smallest section

The leakage flux _5 and _6 add to the flux in

the yoke member Y2 but of the two leakage

fluxes, only _5 adds to the flux crossing air

gap g3"

F_gure 12
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LEAKAGE FLUX FROM STATOR

BACK-IRON TO ROTOR SKIRT -PATH 7

I

I
I

I.

I

/

, ,'/"i"< _ _ ,- .,
,"J_.__\ T I

Fg [

_ .

I "'-"h-_'9(_+'°!%+4K_
I ' ""-- °'-"W_° _"

-- ._ LEAKAGE "_ C

!

I F F F F F F
Y 3 g3 yz_. NP g T



(86) P7

P6 =
O.19(_c)(O()_dr)-2(Tsp) _ 7"/"(P)TP_

42

3.tg(84)(77)_lla)-2(78)] 77 (6)
J(6-)-

(85)

f?
Where _6 = Length of leakage path P6 and must

be specified on the input sheet. Refer to Figure 11

for location.

NOTE: This covers the leakage for both ends of

the rotor.

,__A_.OR CORE TO ROTOR SKIRT FLUX LEAKAGE

Permeance path. This input can be either 0.0 or

the actua] value if available. Refer to Item (77a)

for explanation. See Figure t_j for location.

,7- _dr)+ (hc)+(hs)_ _hc)+(hs)+ (_sk) _P7 = 3.19-_-

p7 = 3.19 -_11a)+(24)+(22)_ [(24)+(22)+(78)_

(86)

Where _ 7 = 2 = 2

The leakage is from 1/2 the stator end surface cal-

culated on each side of the stator, making the total

leakage surface calculated as follows:

II

I

li

I

I

II

i

li

II

I

I

I

i

i

i

I

I

II



(88)

(89)

(90)

(91)

(92)

0T

T

BT

GIp

44

_ I_.y.q_,m..'_ wA,
TOTAL FLUX IN *_.L,U_.,,_.,4r_.;5

_01.= 6(E) 106 6_(3)10 6
(Cw)(Ne)(RPM) (72)(45_(1_

ESTIMATED VALUE OF LEAKAGE FLUX 07

(_ 7 = • 01 (_T)

:. Ol (88)

Complete the next set of calculations Item (90) through

Item (99) using _7, the estimated value. If the calculated

value (_k7) Item (99) agrees within +10% of the estimated

value (_'_7), Item (89)}use a11 of the items, (90) through

(99) as final and proceed on with calculations. If the cal-

culated value _7_Item (99)_does not agree within +10% of the

estimated value (_7) then recalculate items (89) through

(99) using (_7 item (99) as the estimated value for _7"

ESTIMATED TOTAL FLUX - including estimated value of

(_'T = (¢T) + (¢J_ 7 )

= (88) + (89)

ESTIMATED STATOR TOOTH DENSITY

' 0'
B T = T = (90)

((_)(_s)(bt 1/3) (23)(17)(57a)

FLUX PER POLE

Op = ((_T)(CP) (88)(73)
(P) (6)

I

l

I

I
l

I

l
l
I

l
I

I
I

I

I
I

I

I



(93)

(94)

(95)

(96)

(97)

(98)

t

B c

!

Bg

F !

g

!

FT

F !

C

45

ESTIMATED FLUX PER POLE including leakage flux (_7

, (_'w)(Cp) (90)(73)

¢p : (p) = (6)

ESTIMATED STATOR CORE DENSITY

, (O'P) (92)

B c = 2(hc)(_s) = 212"4)(I7)--

ESTIMATED MAIN GAP DENSITY

, _'T (90)
B =

g _(d)(_) Yr(ll)(13)

ESTIMATED MAIN GAP AMPERE TURNS

T I

F' _) x 103 = (95)(69)
g = 3.19 3.19 x 10 3

ESTIMATED STATOR TOOTH AMPERE TURNS

F'T = (hs)_I/inch at density (B't) _

r- --n

= (22)11ook up on stator magnetization curve I
! J_given in (18) at density (91)

ESTIMATED STATOR CORE AMPERE TURNS

' _[-(D)(_ _hc)]} [NI/inch at density (B' c)_Fc =

(Ir[(12)'(24)]_ on stator magnetization_

c tgurve at density (94) _3



(99)

(100)

(101)

(lO2)

_._1

_2

¢_t3

46

CALCULATED VALUE OF LEAKAGE FLUX through path _7.

See Figure t3 . Leakage from stator back iron to

rotor skirt. (In kilolines).

¢. +
- (86)_96) + (97) + (98)_ x 10-3

I

Next compare the estimated value of _7' Item (89)

with the calculated value of _7, Item (99).

I
I

l

I
I

I
I

_ , 7 nIf 1.10 (@9_7) 7 (047) = .90 (_,Q7) then use (_,7 and

continue on with calculations. If _97 does not fall

within the limits given above, then recalculate Item I

(89) through (99) using (_7, Item (99) as estimated

value of _ 7" I

IPOLE HEAD END LEAKAGE FLUX. (In kilolines)

(_1 =(P_(F'g) + 2(F'T) + 2(F'c)_ x ]D -3

= (80)[2(96) + 2(97) + 2(98)_ x l0-3

POLE HEAD SIDE LEAKAGE. (In kilolines) I

_t2 = (F'g) + 2(F' T) + 2(F' c x 10-3 I

= (81)[2(96) + 2(97) + 2(98)_ x 10-3

POLE BODY END LEAKAGE. (In kilolines)

_3 =(P3_(F'g)+ 2(F'T) + 2(F'c)_X 10-3

= (82)[2(96) + 2(97) + 2(98)3 x 10-3

I

I

I
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(io3)

(104)

(105)

(106)

0_4

Bsp

T

Fnp

47

POLE BODY SIDE LEAKAGE. (In kilolines)

_ =(_(_'_+_.(_+_.(Vc)]x_o._

= (83)_(96 + 2(97) + 2(98)_ x 10-3

NORTH POLE FLUX DENSITY - First calculation. This

item will be recalculated in Step ll6 including flux

¢_5.

B'np = 0p +

: (92) +

(0_1) + (0_.2) + (OP.3) + (09.4) + (09.7)

P

(anp)

(100) + (101) + (102) + (103) + (99)

(6)
(79)

SOUTH POLE FLUX DENSITY

_p = (¢p)+

= (92) +

(O,Q1) + (0,_2) + (09,3) + (09,4) + ((_7)

(P)

2(asp)

(100) + (101) + (102) + (103) + (99)

(6)

2 (79a)

NORTH POLE AMPERE TURN DROP - First calculation.

This item will be recalculated in Item(liT)including

Flux 0_ 5.

F np = (hnp) inch at density (Bnp .

= (78) FLook up on north pole magnetization)

[.curve given in (18) at density (104). 3



(1o7)

(I08)

(109)

(110)

Fsp

_g2

T

B g2

F g21

SOUTH POLE AMPERE TURN DROP

When bnp(end) = bnp(mid)

(_sp) _NI/inch at density (Bsp]_
Fsp =

Fsp = (76) FLoo k up on south pole or tube magneti-

--5- _ation curve given in (18) at density (105)

When bnp(end) _ bnp(mid)

Fsp = (_sp) ENI/inch at density (Bsp)]
---2--

_ (q6)

48 |

I

I

I

I
VLook up on south pole or tube magneti- _

Lzation curve given in (18) at density (105_

|

AUXILIARY AIR GAP g2 FLUX |

:[(92)(6)] + (100) + (101) + (102) + (103) + (99)

FLUX DENSITY IN AUXILIARY GAP - First calculation.

B' _ (108)

g2 = (Ag2) : (70)

AMPERE TURN DROP ACROSS AUXILIARY AIR GAP -

First calculation.

(S'g2) (g2) (I09)(59a)

F'g2 = 3.19 x l03 - 3.19 x l03

I

I

I
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I

I

(112)

(I13)

(114)

Ay4

By4

Fy4

49

AREA OF SHAFT - in inches 2 - cross-sectional to flux

in shaft.

-

NOTE"

_T(78)2 _ #(78)2
4 4

When a solid shaft is used, the second

term will drop out because dQ = 0.

FLUX DENSITY OF SHAFT

(_p)(P) + (_Jl) + (0_2) + (_,_3) + (09.4) + (_7)

By4 = 4 (Ay4)

= (92)(6) + (I00) + (I01) + (102) + (103) + (99)

4 (112)

SHAFT AMPERE TURN DROP

Fy 4 =(_y_NI/inch at density (By4) ]

= (78)_Look up on shaft magnetization curv_
[_given in (18) at density (ll3)

NOTE: This magnetization curve for shaft and spider

can be synthesized into one curve when the

effective cross-sectional area of the shaft

is made up of two separate materials. This

does not affect the present computer program.

Only the magnetization curve that is submitted

must be corrected.



(115)

(116)

(11"/)

Bnp

Fnpl

5O

LEAKAGE FLUX FROM NOTH POLE (SPIDER POLE)

THROUGH THE FIELD COIL - First calculation.

Items (116) through (118) will be calculated using this value

of 0'QS-. A new value for 0_9 will then be calculated in

Item (118_ This new value must be within" +10% of Item (115)

or calculation (115) through (118) must be repeated using the

new value Of (Fnp) Item (1177 in (115).

0'_5= P5_Fg2)+(Fsp)+2(F'g)+2(F'T)+ 2(F'c)+(F'np)_X 10-3

= (84)_'o)+(107)+2(96)+2(97)+2(98)+(106)_ x
10-3

NORTH POLE FLUX DENSITY - This value will supersede

the value calculated in (I04).

(0J_I)+(0.¢2)+(0_ 3)+(0_4)+(0_7 )+ (0'_ 5)

Bn p = 0p + (p)

anp

(100 )+(101 )+(102 )+(103 )+ (99) +(115 )

= (92) + (6)

(79)

NORTH POLE AMPERE TURN DROP -.This value will

supersede the value calculated in (106).

Fnp= hnp ENI/inch at density(Bnp}]

_ F_oo_u;onnor__olem_e_,z_on_
! /

[_curve given in (18) at density (116). _)

I
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I

I

I

I

I

I
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I

I

I

I

I

I

I
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I
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I

(118)

(119)

(120)

(121)

_5

Bg3

Fg3

_6

51

LEAKAGE FLUX FROM NOTH POLE (Spider Pole)

through the field coil. Second Calculation.

_5:1)5 _Fg2)+(Fsp)+2(F'g)+2(F'T)+2(F'c)+(Fnp)_ x 10-3

: (84) _110)+(107)+2(96)+2(97)+2(98)+ (117)_]x 10-3

This item, _5, must be within +10% of the first calcula-

tion _5, Item (115), or must recalculate Items (115) through

(118) using (Fnp), Item (117), in the second calculation of (115).

FLUX DENSITY IN AIR GAP g3

(_p)(P)+(_/I)+(_ 2)+(_ 3)+(_)-4)+(_ 7 )+(_]15)

Bg 3 = 4(Ag3)

= (92)(6)+(100)+(101)+(i02)+(103)+(99)+ (I18)

4(7 0a)

AMPERE TURN DROP ACROSS GAP g3

When (59b) - 2.0 calculate as follows:

Bg3 (g3) x 103 (119) (59c) x 103
Fg3 = 3.19 - 3.19

When (59b) -1.0_calculate as follows:

Fg3 = _]-9Bg3(g3e) x 103 = (119)3.19(59f) x 103

LEAKAGE FLUX ACROSS FIELD COIL FROM INNER YOKE

TO SOUTH POLE TUBE in kilolines.



(122) Bg2

(123 Fg 2

024) Ay2

(125)By2

(126)Fy21

52

_6 (P 6) _Fsp)+2(F' g) +2(F' T)+2(F' c)+(Fnp)+(Fy4)+(Fg3) _
= x I0 -3

= (85)_107)+2(96)+2(97)+2(98)÷ (117)+(114)+(120)] x 10-3

FINAL FLUX DENSITY IN AUXILIARY GAP g2

= (_p)(P)+ (_ 1)+(_._ 2)+ (_,_ 3)+(_ 4)+(_7)+ (_k 6)

. 4(Ag2)

= (92)(6)+(100)+(101)+(102)+(103)+(99)+(121)

4(69_t)

(Bg2)(g2) x l03 = (122)(59a)
FINAL Fg 2 = 3.19 3.19 x l03

CROSS-SECTIONAL AREA OF YOKE location per Figure IZ.

DENSITY OF COIL YOKE

By 2 = (_p)(P) + (091)+(_92)+((_31+((_._41+(_7)+((_q5)

4(Ay2)

(92)(6)+(100)+(I01)+(102)+(i03)+(99)+(121)

4(124)

A_PERETU_ DROPINcoilYozE

(hy) [NI/inch at density (By2) ]
Fy2 = T

= (78-_) [L°°kup °n y°ke magnetizati°n curve13
Lgiven in (18) at a density (125)
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I
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(127)

(127a)

(127b)

(127c)

(128)

FNL

IFNL

EFNL

SF

A

53

TOTAL AMPERE TURNS AT NO LOAD PER CIRCUIT

FNL = 2(F'g)+2(F'T)+2(F'c)+(Fnp)+(Fsp)+(Fg2)+(Fy2)+(Fg3)+(Fy 4)

= 2(96)+(97)+(98)+(117)+(107)+(12 3)+(126)+(120)+(ll4)

NO LOAD FIELD CURRENT PER COIL

IFNL = FNL = (124)

NI=

NO LOAD FIELD VOLTS PER COIL

EFNL = (IFNL)(RF(cold))

= (127a)(154)

CURRENT DENSITY IN FIELD CONDUCTOR - At no load

SF =(IFNL)= (127a)
(acf)

AMPERE CONDUCTORS per inch - The effective ampere con-

ductors per inch of stator periphery. This factor

indicates the "specific loading" of the machine. Its

value will increase with the rating and size of the

machine and also will increase with the number of

poles. It will decrease with increases in voltage or

frequency. A is generally higher in single phase

machines than in polyphase ones.

(IpH)(ns)(KP)A : (c)(','s) :



(129)

(13o)

X

X_

REACTANCE FACTOR - The reactance factor is the quantity by. {

which the specific permeance must be multiplied to _

give percent reactance. It isthe percent reactance I

for unit specific permeance, or the percent of normal |

voltage induced by a fundamental flux per pole per |

inch numerically equal to the fundamental armature |

ampere turns at rated current. Specific permeance |

is defined as the average flux per pole per inch of |

core length produced by unit ampere turns per pole. •

X IO0(A)(Kd) 100 (128}(43) I

= 1/2 (C1)(Bg) x 103 = 1/_ (71) (95) x 103 n

I
LEAKAGE REACTANCE - The leakage reactance of the stator

fo2f :t_ ao:_:s tate conditions. When (5)= 3, calculate I

I

In the case of two phase machines a component due ,!

to belt leakage must be included in the stator leakage. ,' |

|reactance. This component is due to the harmonics

caused by the concentration of the MMF into a small |
|

number of phase belts per pole and is negligible for

three phase machines. When (5) -- 2, calculate as n

follows: " .

 oO-II
I" Lf i __J | o.,<,,)1° |.

_'B= (P)(ge)L_ (_,) ,_.j=(6)(69)L (44) _] I

X_ XE()_i)+ (/_E)+ (,_B) 3 where 2,B = 0 for 3 phase macM_es.I

X Z" = (79) E (62) + )64) + (80)3
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(131)

(132)

(133)

(134)

Xad

Xaq

Xd

Xq

55

REACTANCE - direct axis - This is the fictitious reactance

due to armature reaction in the direct axis.

• 9(n e)(Iph)(Cm)(K d)

Xad = p_2(F,g)+(Fg2)+(Fg3) _ x 100

• 9( 45 )(8 )(7 4)(43 )

Xad = 6_2(96)+(123)+(120)] x 100

REACTANCE - Quadrature axis - This is the fictitious

reactance due to armature reaction in the quadrature

axis.

(Cq)(Xad)

Xaq : (Cm)(C1)

Xaq = (75)(131)
(74)(71)

SYNCHRONOUS REACTANCE - direct axis - the steady state

short circuit reactance in the direct axis.

Xd = (X_) + (Xad) = (130)+ (131)

SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq = (Xl) + (Xaq) = (130) + (132)



.:}':

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

hbl

nb

_b

_7"b

PD

XD°C

,'PD

(hot)

DAMPER SLOT DIMENSIONS

bbo - width of slot opening

hbo - height of slot opening

t .

hbl - height of bar section of slot

bbl - width of rectaagular slot

_0 I

Lb!
__--_!

I

DAMPER BAR DIA OR WIDTH in inches

DAMPER BAR THICKNESS in inches - Damper bar thickness

considered equal to damper bar slot height (hb) per

Item (135). Set this item = 0 for round bar.

NUMBER OF DAMPER BARS PER POLE

DAMPER BAR LENGTH in inches

DAMPER BAR PITCH in inches

_c_o

RESISTIVITY of damper bar @ 20°C inShm-inches - Refer

to table given in Item (51) for conversion factors.

DAMPER BAR TEMP °C- Input temp at which damper losses

are to be calculated.

I
I

I

I
RESISTIVITY of damper bar @ XD°C I

 xoo , +
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(144)

(145)

(146)

(147)

(148)

(149)

(15o)

(151)

acd

Vr

NF

_-tF

Xf°C

57

CONDUCTOR AREA OF DAMPER BAR - Calculate same as

stator conductor area

If (137)= 0

acd = • 25rr (damper bar dia)2 = . 25 TF (136)2

If (13_) _ o

acd = (hbl) (damper bar width) = (137)(136)

PERIPHERAl; SPEED - The velocity of the rotor surface in

feet per minute

TI,,(ctr)(P_M) 7T(11a)(7)

Vr = 12 = 12

NUMBER OF FIELD TURNS PER COIL

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor.

FIELD TEMP IN °C - Input temp at which full load field

loss is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-inches.

Refer to table given in Item (51) for conversion fac-

tors.



(152)

(153)

(154)

(155)

(156)

(157)

{hot)

acf

(COld}

(hot }

58 I

RESISTIVITY of field conductor at Xf°C J

• _ ,/'_(_ot)-P_t:_._ _-_._.
"1

CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area (46) except substitute

(149)for (39)

(148) for (33)

COLD FIELD RESISTANCE @ 20°C per coil

I
Rf(cold) : (_Pf)(NF)(2tr) - (151) (146)(147) x 10 -6

(acf) (153) I

HOT FIELD RESISTANCE - Calculated at Xf°C (103) - (Per coi

I
(Nf)(_gtf) x 10 -6 = (152) (142)(147) x 10 -6

Rf(hot) : (_fhot) (acf) (153) I

WEIGHT OF FIELD COIL in lbs. - per coil

The answer is given in lbs. based on the density of

copper. If any other material is used, the answer

on the output sheet can be converted by the designer |
I

by multiplying by the ratio of densities.

!
#'s of copper = .321 (Nc)_tf)(acf) I

= . 321 (146)(147)(153) |
I

WEIGHT OF ROTOR IRON - Because of the large number of

different pole shapes, one standard formula cannot I
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(158)

(159)

)%b

_pt
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be used for calculating rotor iron weight. There-

fore, the computer will not calculate rotor iron

weight. The space is allowed on the input sheet for

record purposes only. By inserting 0. in the space

allowed for rotor iron weight, the computer will show

"0." on the output sheet. If the rotor iron weight

is available and inserted on input sheet, then the

output sheet will show this same weight on the out-

put sheet.

PERMEANCE OF DAMPER BAR - The permeance of that portion

of the damper bar that is embedded in pole iron.

For round slot

,%-b = 6.38 E_+ .62+ .5_

For rectangular slot

-_ (bbl)

= 6.38____+ .62 + .5_

+. = 6.38 + 3z-(i_)-'-"

PERMEANCE OF ENDPORTION OF DAMPER BARS

)'Pt = 6"38_-bnp(end)-- " 3(_e) --"([b) (nb)" 1

= 6"38 _ -76) -(140)- _69)(138)- 1 _



(160)
!

XF

6oi

THE EFFECTIVE FIELD LEAKAGE REACTANCE - The I

reactance which added to the stator leakage reactance I

gives the transient reactance X'du.

When unit fundamental armature ampere turns are I

suddenly applied on the direct axis, an initial field I

current (If) willbe induced. The value of this

initial field current will be just enough to make the I

net flux interlinking the field because of the field

current and the armature current zero. The field I

ampere turns will equal the armature ampere turns. I

C1 2

"'_6F (;_s_] 2mPe(ge)2]

X = A v X Iu-

[-- ge __J I

Where:

where:

X' F = (129) (6)
[_]2 (160)

27_ (160a) (160)2

x 10 -6

I

I
I

pg = 3.19 (_p)(#s)(Cp) = 3.19 (41)(17)(73) I
(ge) (69)

T

ge

f- "1
12 (F'g) + (Fg 2) + (Fg 3) I(ge)

L 2(F'g) 3

= (69)[2(96) + (123) +(120)'_2(96)

I

I

I

I
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(16oa)

(161)

(161a)

(162)

(163)

Pe

LF

LF

_Dd

XDd

P e - (_g2 @ NL
- (IfNL)(NF) @ NL

(io8),
Pe = (127a)(146)

FIELD INDUCTANCE

LF = 2(NF) 2 Pe 10-8

= 2(146) 2 (160_x 10-8

SPECIFIC PERMEANCE OF FIELD

_F -PI+ P2 + P3 + P4 + P5 + P6

= (80) + (81) + (82) + (83) + (84) + (85)

PERMEANCE OF DAMPER BAR - in direct axis

/'- = COS L '- -- .,

L 2(41) L(158) +(159) (161a))

DAMPER LEAKAGE 'REACTANCE - in direct axis

XDd = X_Dd) = (129)(162)

61
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Figure 15



(164)

(165)

(166)

(167)

XDq

!

X du

T

Xd

PERMEANCE IN QUADRATURE AXIS

q

For round slot

: (Tp)L_ + 6,.+ 5+_b'J

2o(14o)_135) (59)
= _[(1-_ +" 62 +. 5 + (T4-0)2

For rectangular slot

_(Dq) = + _ +. 5 +

__3__ + 13_ 5 + (59)

(41) [(135] 3(135) + " (14-_ J

DAMPER LEAKAGE REACTANCE - in quadrature axis

XDq = X()_Dq ) = (129)(164)

UNSATURATED TRANSIENT REACTANCE

t

X
du -.(x_)+ (x_)=(13o)+ (16o)

SATURATED TRANSIENT REACTANCE

' X'Xd - "88(du) - "88(166)

64
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(168)

(169)

(170)

X" d

TT

X
q

X2
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SUBTRANSIENT REACTANCE in direct axis

When damper bars exist, i.e., when (138) _ 0

T!

X d = (Xl) + (XDd) + (130) + (163)

When no damper bars exist, i.e. when (138) = 0

X d = (X d) = (167)

SUBTRANSIENT REACTANCE in quadrature axis

When damper bar exists, i.e. when (138) _ 0

fT

X q = (Xg.) + (XDq) = (130) + (164)

When no damper bars exist, i.e. when (138) = 0

T?

X q = Xq = (134)

NEGATIVE SEQUENCE REACTANCE - The reactance due

to the field which rotates at synchronous speed

in a direction opposite to that of the rotor

X2 "
Xm[4(_) + 4(_:)2 + (11)21

n2+4 [1 +(£)] +x_

= (170)E4i170)+4(170)2+ (170)_

(170)2 + 4 _ + (170__2

+ (130)

Where = (XD) = (170)

(Xm) (170)

Where X m -
Xad

(Cl)(Cm)(F'g) + (Fg2) + (Fg_(FNL)



= (131)
(71)(74)

For Round Slots:

(96) + (123) + (120)_"(127)

XD = 20(X) E62 + (hbo)_ + 5(Xm) I

= 20(129) _.62 + _] + 5(170)
(138) . 6(138 )2 I

For Rectangular Slots: I

XD 20(X) (_bl) + (hbo_)] 5(Xm)

= 20(129)__(135) ± (135)-_ 5070)

(138) L_3(_) T _3-_/ + 6(138) 2

Where n = RD - (170)

Where R D = Damper bar resistance

100(X)(P)(_hot)V _ b
= (f) (_s) ](nb)(acd)(P)

= 100(129)(6)(143) __ (139)

(5a) (17) _(138)(144)(6)

+. 637(dar- _

(adr)(P)__

+. 637(170)--]

Where ddr = mean diameter of damper end ring. Must be

given on input sheet.

I

I

I

I

I

I

Where adr = cross-sectional area of damper end ring.

Must be given on input sheet.
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(171)

(172)

_2

X0

67

NEGATIVE SEQUENCE IMPEDANCE - approximate calcula-

tion.

_'2 = R2 + j X2 = _R 2 + ×2

P_2 = (171) + j(170) = _(171) 2 + (170)2

Where: R2 = 2(RD)

(n) 2 + 4 E1 + (',__:

= 2(170) .
(i70)2 + 4 I1 + q

ZERO SEQUENCE REACTAN( E

any one phase (star co

each of the phases. _f

connected for otherwJ3_

can flow and the terrL

(28) = 0 ThenX ° = 0If

If (28) _ 0 Then

(Kxo)

+ Rs (hot)

+ (54)

(17o)_1

REACTANCE - The reactance drop across

connected) for unit current in

The machine must be star

connected for otherwise no zero sequence current

can flow and the term then has no significance.

E(62) + (175) -_ + 1. 667 E(22) + 2 (22),7+. 2(64_

(5)(25)(44) 2 (43) 2 (22)
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(17-3)

(174)

(17_)

-_o

Kxl

If(30)=1

(30)_ i

Then Kxo = I-

3(y)_2
Then KXO = _-_

If (30)= 1 Then K 1 = 1

If (30) _ 1 Then:

F 3(y) 1] F 3(31) i_
KxI=L4(m)(q)+ +

_J

L_(m)(q)-F3(y) 4_] __
= !-__I-:3(3_)

-L4(5)(25 ) -

If (3 la) _. 667

If (31a) <. 667

If(138) = 0 Then:

Eo,( 8=
_'Bo- (-_ (44)" •

If (92) _ 0

If

(_o) (_o)

(_bq)+ (icp)_-E°7(_a )]

Then _Bo "{_ "_ ("(I'Cxo) :;_a)]}

(164) + (173)_- "_L.07 (175)J(173)

KxO = 0, /_'bo = 0

(173): 0, (175): 0

Where: A a 6.38(d_
- (P)(ge)--_)
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(176)

(177)

(178)

(179)

FT_"

W a

t

Td

TT

Td

69

OPEN CIRCUIT TIME CONSTANT - The time constant of the

field winding with the stator open circuited and with

negligible external resistance and inductance in the

field circuit. Field resistance at room temperature

(20°C) is used in this calculation.

' LF (161)Tdo = __ =
2(R F) 2-_4)

ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

x2 (170)
Ta - 200rr(f)(ra) - 2007r(5a)(177)

Where: r a =
(m)(IpH)2(RsPH cold)

Rated KVA x 10 3

(5)(8)2(53)

(2) x 10 3

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

T' d : (X' d) (T'do) :

(Xd) (133)
(176)

SUBTRANSIENT TIME CONSTANT - The time constant of

the subtransient component of the alternating wave.

This value has been determined empirically from

tests on large machines. Use following values:



(180)

(181)

(182)

FSC

SCR

I2RR

7O

T" d = .035 second at 60 cycle

T_

T d .005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

FSC - I00 _ g) + (Fg2) + (Fg

_ (133)100_2(96) + (123) + (12

SHORT CIRCUIT RATIO - The ratio of the field current to

produce rated voltage on open circuit to the field

current required to produce rated current on short

circuit.

Since the voltage regulation depends on the leakage

reactance and the armature reaction, it is closely

related to the current which the machine produces

under short circuit conditions, and, therefore, is

directly related to the SCR.

SCR = FNL= (127)

FSC (180)

FIELD COIL I2R - at no load. The copper loss in the

field winding is calculated with cold field resistance

at 20°C for no load condition. (Loss for 2 coils. )

Rotor I2R =2(IFNL) 2 (Rf cold) = Z(127a) 2 (154)

I
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I
i

I

I
I

I
I
I

I
I

I

I
I

I

I

I

I



I
I

I
I

I

I
I

I
I

I
I

I
I
I
I

I

I

I

I

(183)

(184)

F&W

WTNL

71

FRICTION & WINDAGE LOSS - There is no known calcula-

tion method that will give accurate results for this

loss. The best results are obtained by using existing

data. For ratioing purposes, the loss can be assumed

to vary approximately as the 5/2 power of the rotor

diameter and as the 3/2 power of the RPM. When

no existing data is available, the following calcula-

tion can be used for an approximate answer. Insert

0. when computer is to calculate F&W. Insert

actual F&W when available. Use same value for all

load conditions.

F&W : 2.52 x 10 -6 (dr) 2"5 (_N1)+_I +_g2) (RPM) 1"5

(--'1

: 2.52x 10-6(na)2.5_76)+(8oa)+(78)J(7)I.5

STATOR TEETH LOSS - at no load. The no load loss

Where

(WTNL) consists of eddy current and hysteresis

losses in the iron. For a given frequency the no

load tooth loss will vary as the square of the flux

density.

WTN L - . 453(_ 1/3)(Q)Cfs)(hs)(KQ)

= . 453(57a)(23)(17)(22)(184)



(185)

(186)

We

WNPL

STATOR CORE LOSS - The stator core losses are due to I

eddy currents and hysteresis and do not change under I
load conditions. For a given frequency the core

loss will vary as the square of the flux density (Bc_ I

: 1.42 __.12) (24)](24)(17)(185) I

Where KQ = (k)F!Bc_ 2 [ (94)_ 2
LT- TJ=o.9)L(2°)_l II

POLE FACE LOSS - at no load. The pole surface losses

are due to slot ripple caused by the stator slots.

They depend upon the width of the stator slot open-

ing, the air gap, and the stator slot ripple frequency.

The no load pole face loss (WpNL) can be obtained

from Graph 2. Graph 2 is plotted on the bases of

open slots. In order to apply this curve to par-

tially open slots, substitute bo for bs. For a

better understanding of Graph 2, use the following

sample.

K 1 as given on Graph 2 is derived empirically and

depends on lamination material and thickness. Those

values given on Graph 2 have been used with success.

K 1 is an input and must be specified. See Item (187)

for values of K 1.

I

I
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K 2 is shown as being plotted as a function of (BG) 2" 5.

Also note that upper scale is to be used. Another

note in the lower right hand corner of graph indi-

cates that for a solid line ( ), the factor is read

from the left scale, and for a broken or dashed line

( ), the right scale should be read. For

example, find K 2 when B G = 30 kilolines. First

locate 30 on upper scale. Read down to the inter-

section of solid line plot of K 2 = f(BG) 2" 5. At this

intersection read the left scale for K 2. K 2 = .28.

Also refer to Item (188) for K 2 calculations.

K 3 is shown as a solid line plot as a function of

(FSLT)I. 65. The note on this plot indicates that the

upper scale X 10 should be used. Note FSL T = slot

frequency. For an example, find K 3 when FSL T =

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid line plot of K 3 =

f(FSLT)I. 65. At this intersection re_td the left scale

for K 3. K 3 = 1.35. Also refer to Item (189) for K 3

calculations.

For K 4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to Item (190) for K 4 calculations.



(187) K1

74

For K 5 use bottom scale and substitute bo for bs

when using partially closed slot. Read left scale

when using solid plot. Use right scale when using

dashed plot. Also refer to Item (191) for K 5 cal-

culations.

For K 6 use the scale attached for C1 and read K 6

from left scale. Also refer to Item (192) for K 6

calculations.

The above factors (K2), (K3), (K4), (K5), (K6)can

also be calculated as shown in (188), (189), (190),

(191), (192), respectively.

WpN L =77(d)(_(K1)(K2)(K3)(K4)(K5)(K6)

=77(I1)(13)(187)(188)(189)(190)(191)(192)

K 1 is derived empirically and depends on lamination material

and thickness. The values used successfully for K 1

are shown on Graph 2. They are:

K 1 = 1.17 for .028 lam thickness, low carbon steel

= 1.75 for .063 lam thickness, low carbon steel

= 3.5 for .125 lam thickness, low carbon steel

= 7.0 for solid core

K 1 is an input and must be specified on input sheet.

I

I
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(188)

(189)

(190)

K2

K3

K4
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K 2 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K2 = f(BG) = 6.1 x 10 -5 (BG)2"5

= 6.1 x 10-5 (95)2.5

K 3 can be obtained from Graph 2 (see item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K3 = f(FSLT) = 1.5147 x 10 -5 (FSLT) 1" 65

= 1.5147 x 10 -5 (189) 1" 65

(RPM) (Q)
Where FSL T - 60

= (7)(23)
-60

K4 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

For-r-s --(.9

K4 = f(_'ff)= .81(7_) 1"285

= .81(26) 1.285

For .9 _='r's <-- 2.0

g 4 = f(Ts) = . 79('f's) 1.145

= . 79(26) 1.145

For 7"s 72.0

K4 = f(_'s) = • 92(_s)" 79

= . 92(26)'79



(191) K5
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K5 can be obtained from Graph 2 (see Item 186 for

explanation of Graph 2) or it can be calculated

as follows:

For (bs) / (g) =4 1.7

K5-_(b_/g)--3_(bs)/ (g)_2.3,

= .3 _22)/(59)_ 2"31

NOTE: For partially open slots substitute b o for

in equations shown.

For 1.74(bs)/ (g) 4 3

K_ - f(bs)/ (_) - •35 _bs) / (g-_2

= .35 k22)/(59)_2

For 3/.. (bs)/ (g) 4-- 5

K5 = f(bs)/ (g) = .625 Ebs)/ (g)-] 1.4

= .625 E22)/(59)7
1. 4

For (bs) / (g)_ 5

K5 = f (bs) / (g) = I. 38 _bs)/ (g)_"
965

= 1.38 _2)/(59)_ "965
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(192)

(193)

K6

WDNL

77

K 6 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K 6 = f(C1)= 10 E9323(C1)- 1. 60596-]

10 _323(71) - 1. 60596_

DAMPER LOSS - at no load at 20°C. This loss is produced

by slot ripple in the damper winding. At no load

this loss is calculated from curves 7 and 8.

WDNL =
1.246(P)(nb)(_b)_D )

(acd) x 103
_s)(B' g)(Kp1)(Kg_

"2

I Kfl) BT_s KWl

+ (Kf2) (Kw2) 2

s)+[Crg)/(K_2)

WDNL = 1.246(6)(138)(139)(141) _"_|(26)(95)(193)(193}12
(144) x 103 t_ "J

(193)

{ (193) _2(193) (193)+[(193)/(193)]j72 + (193) 2_(193) + B193)/(193_}

Where Kp1 = 1 - 1

/1 + [(bs )/2 (g)] 2

=1- 1



NOTE: Substitute bo for bs when partially opened stator

slot is used.

Kp1 can also be obtained from curve 7 where abscissa

is (bs)/ (g) or (bo)/(g) = (22)/ (59)

Where Kg = (Ks) = (67)

!

Where g = (Kg)(g)= (193)(59)

Where Kfl & Kf2 are obtained from curve 7

Where the abscissa is S1 or S 2

SI = .32 _--D_ (bb) = .3a (136)

s2 :.3z (_s/_2)(hu):.3_ _ (136)

Where fSl - :_mf - 2(z_)(5)(5a)

I

I
I

I
I

fs2 = 2(fs1)

Where KW1 and KW2 are obtained from curve 8. where

the abscissa is (bs)/ (_'_) for open slots or (bo)/ (T's)

for semi-enclosed slots (bs) / ('_s) = (22) / (26)

Where T_t is obtained from curve 8

Where the abscissa is (bbo) / (g') =
(193)

When 91 = 0 or when (90) = (9!)

_'C = .75 = .75 For round or square slots
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(194)

(195)

(196)

I2F

79

When 91 ;_ 0 and when (90) ;_ (91)

(hbl) (91)
"}'C = =

3(bbl)(Kfl) 3(89)(193)

Where + (7-0 + ()'c)

= (135______)+ (193)+ (193)
(135)

Where 7-g = _ = (140)-_ (19--_-

Where K_I and K_2 are obtained from curve 8

Where the abscissa is (')"b)/(T's) = (140)/(26)

STATOR I2R - at no load. This item = 0. Refer to Item

(245) for 100% load stator I2R.

EDDY LOSS - at no load. This item = 0.

(246) for 100% load eddy loss.

Refer to Item

TOTAL LOSSES - at no load. Sum of all losses.

Total losses = (F, Ew I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Damper Loss)

= (182) + (183) + (184) + (185) + (186) + (193)



(197)

(198)

(198a)

ENL

ed

0

. L

801

NOTE: The output sheet shows the next items to I

be. (Rating), (Rating + Losses), (% Losses),

(% Efficiency). These items do not apply to I

the no load calculation since the rating is I

zero. Refer to Items (248), (249), (250),

(251) for these calculations under load. I

LOAD CALCULATIONS - Run through sample at 100% load. I

ENL = (EpH) + (IPH) (RPH) I

= (4) + (8)(54) I

The voltage that would be generated at no load and no satura-

tion -- the air gap voltage behind the synchronous I

reactance. I

ed = cos (6)+ _ sin (_) I

_,I,o_ + (133) sin(198)
= COS Uuo/ _ I

Where (/2= tan -L cos @ _.J I

- tan-1Isin(198)÷ I00-I

POWER FACTOR ANGLE

Where 6 = (_)- (O)= (198)- (198)
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(199)

(200)

(2Ol)

(202)

FgL1

FTL1

FCL

O7LI

81

AIR GAP AMPERE TURNS UNDER LOAD - If there were

no change in stator leakage flux from stator core

to rotor skirt from the no load condition calculated

in Item (96).

FgL1 = (ed)(F'g) = (198)(96)

STATOR TEETH AMPERE TURN DROP AT FULL LOAD

First approximation,

FTLI = (F'T)_+ (PoF.

: (_)[1+(_]

STATOR CORE AMPERE TURN DROP - Because the stator

core to rotor leakage flux does not increase appre-

ciably, the core density does not change noticeably.

The stator tooth to tooth leakage flux approximately

offsets the theoretical increase in core flux under

load. Therefore:

FCL = F C

= (98)

LEAKAGE FLUX FROM STATOR BACK-IRON TO ROTOR

SKIRT- First approximation - in kilolines.

_7LI = (P7)_FgLI) + (FTL1) + (FCL-_ x I0-3

= (86) _199) = (200) + (201-_ x lO -3



(203)

(204)

(205)

(206)

!

F gL

_TLI

BTL

FTL

82

TOTAL AIR GAP AMPERE TURNS AT FULL LOAD

F gL = FgLI + (_TL1)(ge) x 103 = (199) + (202)(69) x l03

(Ag) 3.19 (68) 3.19

THEORETICAL FLUX AT FULL LOAD - first approximation.

0TL1 = (0NL) +(07LI)

(Cp)

= (204) + (202)
(73)

Where _ENL)_

¢_L : (eT)LEpH)_]

= (88) ((_).

STATOR TOOTH DENSITY AT FULL LOAD ABOVE NORTH

POLE

(eTL1)

BTL : (Q)(_s)(bt 1/3 _--

= (204)

(23)(17)(57a)

STATOR TOOTH AMPERE TURNS AT FULL LOAD

FTL = (hs)[NI/inch at density (BTL _ [l+ (P.F.-_

: (22) _ook uP °n stat°r magnetizati°n curv_EL._ + (9)7I given in (18) at density (205)
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(2o7)

(208)

(208a)

(209)

(21o)

(211)

07L

_TL

FgL

OIL

LEAKAGE FLUX FROM STATOR BACK-IRON TO ROTOR

SKIRT - second application.

r"-

¢7L = ¢P7)LF'gLX)+ (rTL)+ (FCL)_

-(8_) ,_F2°3)+(206)+(20_xlo -_

THEORETICAL FLUX AT F.L. - second approximation.

¢TL = (0NL) + (07L)

(207)
= (204) +

(73)

F' (07L)(ge) 103
FgL = gL1 +

3.19 (Ag)

(207)(69) 103
= (203) +

3.19 (68)

The next four items cover the flux leakages from pole to

pole in the rotor. (In kilolines)

O1L = (Pl) 5](FgL) + 2(FTL) + 2(FCL)_ x 10 -3

= (80) E(208a) + 2(206) + 2(201)_ x l0 -3

¢_2L = (P2)_(FgL) + 2(FTL) + 2(FCL_ x 10-3

: (81) _(208a) + 2(206) + 2(201-'_x l0 "3

¢3L : (P3) E2(FgL) + 2(FTL) + 2(FcL_.__"x i0-3

: (80) 5(208a) + 2(206) + 2(201-"_x I0"3

83



(212)

(213.)

(214)

(215)

_PL

(_SPFL

BSPFL

_4L : (P4)_(FgL) + 2(FTL) + 2(FcL)_ x l0-3

= (83) _(208a) + 2(206) + 2(201)-] x l0-3

FLUX PER POLE AT FULL LOAD

Where

For P.F. = 0.0 to .95 •

(_ed " 93(Xad) _)" '
(_PL = (_PNL )- _ sin (

= (213) _98) .93(131)100sin (198_

_PNL : (0TL)(CP)

(P)

_ (208)(73)

(6)

For P.F..95 to 1.0

L = (Kc)((_PNL)

= (9a)(213)

SOUTH POLE FLUX AT FULL LOAD

0SPFL = ((_PL) + ((_IL) + ((_2L) + ((_3L) + ((_4L)
2 2(P)

I

I

I
_ (213) + (209) + (210) + (211) + (212)

2 2(6)

FLUX DENSITY IN SOUTH POLE AT FULL LOAD

HSPF L = (_SPFL)= (214)
(asp) -_-9-a)
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(216)

(217)

(218)

(219)

85

FsPFL SOUTH POLE AMPERE TURNS

When bnp(end)= bnp(mid)

FSP_FL = _SP) FNI/inch at densJ]_, (BSPFL _
3

(76)

3
ook up on tube magnetization curv_
iven in (18) at density (215)

When bnp(end) _ bnp(mid)

_I/inch at density BSPF_

Look up on tube magnetization cur_
[_ven in (18) at density (215)

0NPFL NORTH POLE FLUX - First approximation without leakage

¢5L.

(_IL) + (_2L) + (_3L) + (_4L)
$_NPFL = (¢PL) +

(P)

(209) + (210) + (211) + (212)
(213) +

(6)

t

B NPFL NORTH POLE DENSITY AT FULL LOAD - first approximation.

!

F NPFI

' (ONPFL)_ (217)
B NPFL =

(aNp) (79)

NORTH POLE AMPERE TURN DROP - first approximation.

F'NPFL = (hNp) _/ineh at density (B'NPFL)- _

(78) _ook up on N/P magnetization curv_
[given in (18) at density (218)



(220)

(221)

(222)

(223)

_6L

(_SKFL

BSKFL

FSKFL

86

LEAKAGE ACROSS FIELD COIL - from rotor shaft outer

diameter to the inner surface of the rotor skirt.

O6L = (P6) [(FSPFL)+(F'NPFL)+2(FgL)+2(FTL)+2(FcL_ x
10-3

= (85) _16)+(219)+2(zo8.)+2(206)+2(201_ x 10-3

FLUX AT THE SKIRT ENTRY EDGE OF AUXILIARY AIR

GAP (g2) - at full load.

OSKFL = (_SPFL) (P---_)+ ((_6L)
2 2

= (214)(6_/__) + (220)

2 2

DENSITY AT THE SKIRT ENTRY EDGE OF AUXILIARY AIR

GAP (g2) - at full load.

BSKF L = OSKFL_ (221)
aSK - (7"9b-)

ROTOR SKIRT AMPERE TURN DROP -

FSKFL = (_SK)_/inch at density BSKFL_

=(78) _ook up on skirt magnetization curv_l

_given in (18)at density (222) --Jt

This value of ampere turns should be insignificant.

The calculation of FSKFL is in this program only for I

a check on a possible bottleneck.
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(224)

(225)

(226)

(227)

(228)

Bg2FL

Fg2FL

0L5

0y2FL

By2FL

87

FLUX DENSITY IN AUXILIARY AIR GAP - at full load.

(_SKFL) _ (221)
Bg2F L =

(Ag2) 7-'('_-)

AMPERE TURN DROP IN AUXILIARY GAP

Fg2FL = (Bg2FL) (g2) x 103
3.19

(224) (59a) x l03
- 3.19

LEAKAGE FLUX THROUGH FIELD COIL FROM NORTH

POLE TO YOKE (Y2)

(_L5 = (P5)[_(F'NPFL)+2(FgL)+2(FTL)+2(Fc)+(FSPFL)+(Fg2FL-_ x.10"5

= (84)_219)+2(208a)+2(206)+2(201)+(216)+(225)_ x 10-3

FLUX IN COIL YOKE - At Y2 the smallest cross-section

of yoke.

0y2FL = (0SKFL) +
(¢L5)

(226)
= (221) + --2---

FLUX DENSITY IN COIL YOKE - At Y2 the smallest cross-

section of yoke.

By2 FL = (Oy2FL) = (227)



(229)

(230)

(231)

Fy2FL

Bg3FL

Fg3FL

88

AMPERE TURN DROP IN THE YOKE SECTION Y2. This

value should be insignificant and the calculation is

here to call attention to a possible saturation point.

If the yoke section is made straight, of uniform

thickness, all of the ampere turn drop will be in

the lower half of the yoke.

Fy2FL = __ (hy)_/inch at density (By2FL)- ]

= 1 (78) ENI/inch at density (228_
3

DENSITY OF AIR GAP g_ - at full load.

(0y2FL) (227)

Bg3FL = (Ag3) =

AMPERE TURN DROP ACROSS AIR GAP (g3) - at full load.

For stepped air gap i.e. when (59b) = 1.0 calculate

as follows"

Fg3F L = Bg3FL (g3e)x l03
- 3.19

(230_59f)
x lO 3

3.19

For tapered air gap i.e. when (59b) = 2 calculate

as follows:

Bg3FL (g3) x 103 = (230)(59c) x 103
Fg3FL = 3.19 3.19
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(232)

(233)

(234)

(235)

(236)

(237)

By4FL

Fy4FL

BNPFL

FNPFL

FFL

IFFL

89

FLUX DENSITY IN SHAFT AT ENTRY TO NORTH POLE

By4F L = (0y2FL) = (227)
(Ay4) (112)

AMPERE TURN DROP IN SHAFT

Fy4FL = _ ENI/inch at density (By4FL) _

ook up on shaft magnetization curv_
_given in (18)at density (232)

FLUX DENSITY IN NORTH POLE AT BASE

BNPFL = 2(0y2FL)= 2(227)
4(aNp) 4rmT-

NORTH POLE AMPERE TURN DROP

FNPFL = (hNP)

= (78)

m
"='I

NI/inch at density (BNPFL)__/

-Look up on north pole magnetizati

curve given in (18) at density (234)_J

FULL LOAD AMPERE TURNS

FF L = 2(F g)+2 (FT)+ 2(F c)+(FsP )+(FNp )+(FSK)+(F g2 )+(Fy2 )+(Fg3F L)

+(Fy4)

2 (208_+2 (206)+2(2 01)+(216)+(2 35)+(22 3)+(225)+(229)+(2 31)+(233)

FIELD CURRENT - at 100% load per coil

IFF L = (FFL)= (236)



(238)

(239)

(240)

EFFL

00!

FIELD VOLTS - at 100% load per coil. This calculation

is made with hot field resistance at the expected

temperature at 100% load.

EFFL = (IFFL)(RF hot)

- (237)(155)

CURRENT DENSITY OF FIELD CONDUCTOR - at 100% load.

Current Density = (IFFL)= (237)

(acf)

Items (197) through (239) cover full load saturation calcula-

tions at 100% load. In order to calculate for any t
Im

load other than I00% load, use the following procedure:

Recalculate Item (197) as follows:

ENL = EpH + IPH (Per Unit Load) RpH

= (4) + (8) (Per Unit Load) (54)

Recalculate Item (198) as follows:

O + (Xq)(Per Unit Lotan-1
cos O

= tan.l _m(161) + cos(198)(134)(PerUnit L_

e d = cos(6) + (Xd)(Per Unit Load) sin (_)

= cos(6) + (133)(Per Unit Load) sin (240)
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(241)

(242)

I2RR

WTFL

91

Recalculate Item (ate)

For P.F. = 0.0 to .95

0P L = (_NL _.ed)"" 9__loaC_l'l){_P'U'tM_'In(_'"_

(213) _40) ,_,_l_'_eu._D). (240)__= .... too - sin

With the changes made as shown in Item (240), re-

calculate. Items (197) through (239) at the % load

required using per unit load = % load being used .
100

FIELD COIL I2R at 100% load - The copper loss in the

field windings calculated with hot field resistance

at expected temperature for 100% load condition.

(for two coils).

Rotor I2R = 2(IFFL)2(RF hot) = 2(237) 2 (155)

STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load because

of the parasitic fluxes caused by the ripple due to

the rotor damper bar slot openings.

ff -7 Cz°_)

_2 L4(133)J + _ (184)

Where (ex)= 1.8 if F4(Xd)_< 1.0

L _J
_F (133)l

(ex) = 2.0 if [..4_>1.0



(243) WPFL

92

POLE FACE LOSS at 100% load

WpF L =_--_Ksc)(IPH)

C
(% iL_ad)(ns)_

_'F243) (8) 1 (30__
2

2

(WpNL) ÷ (W_K)

(186)÷ (2.4"5)

(Ksc) is obtained from Graph 3

Where WpH R - pole face harmonic loss

The pole face harmonic loss calculation is not

included in this design manual; however, a

space has been provided on the input sheet

for the pole face harmonic loss if the designer

calculates it by some other means. This

calculated loss will be added to the normal

pole face harmonic loss and the output will

include both. When the calculated value of

pole face harmonic loss is not available

insert 0.0 on the input sheet. When the

calculated value of pole face harmonic loss

is available, insert the actual value on the

input sheet in watts.
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(244) WDFL
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DAMPER LOSS at 100% load

WDFL
K (% Load) (n

(WDNL) x (_D hot)_

(rOD cold)_,w

(193) (143) e(I.4_)
(141)

(Ksc) is obtained from Graph 3

Where WDH R = Damper bar harmonic loss

The damper bar harmonic loss calculation is not

included in this design manual; however, a space

has been provided on the input sheet for the damper

bar harmonic loss if the designer calculates it by

some other means. This calculated loss will be

added to the normal D_M_-. • harmonic loss and

the output will include both. When the calculated

value of the damper bar harmonic loss is not

available, insert 0.__00on the input sheet. When

the calculated value of I)AMP_ _- harmonic loss

is available, insert the actual value on the input

sheet in watts.



(245)

(246)

(247)

(248)

(249)

(250)

(251)

I2R STATOR I2R at 100% load - The copper loss based on the

D.C. resistance of the winding. Calculate at the

maximum expected operating temperature.

I2R = (m)(IpH) 2 (RsPH hot) (% Load)
I00

(% Load)
= (5)(8)2 (54)

I00

EDDY LOSS - Stator I2R loss due to skin effect

- _?Eddy Loss = (EF top) + (EF bot) (Stator I2R)
2

- I_ (245)
= (5s)+ (56)_

__ 2

TOTAL LOSSES at 100% load - sum of all losses at 100% load.

Total Losses = (?let_ I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Damper Loss) + (Stator I2R) + (Eddy Loss)

= (241)+(183)+(242)+(185)+(243)+(244)+(245)+(246)

RATING IN KILOWATTS at 100% load

Rating = 3(EpH)(IpH) (P.F.) (% Load) x 10 -3
100

= 3(4)(8) (9)(1.) x 10 -3

RATING & _ LOSSES = (2q-8) + (_WT)_ ,6 _

% LOSSES= _Losses_ating +

% EFFICIENCY = 100% - % Losses

_ Losses_ 100

: 1oo%- (_.so)
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COMPUTER PROCEDURE FOR

BECKY ROBINSON DESIGN CALCULATIONS

1. Clear core (no switch control).

2. Insert output form _l into typewriter, and set margin for correct

output.

3. Load pass #l followed by input #l (output both printed and punched

cards).

4. Reset and load pass #2 followed by output from pass #l (output

punched cards).

5. Reset and load pass #3 followed by output from pass #2 (output

punched cards).

6. Reset and load pass #4 followed by input #2 and output from

pass #3 (output°punched cards).

7. Reset and load pass ;_5 followed by output from pass 4 (output

punched cards).

8. Reset and load pass _6 followeJ by saturation curve values and

output ,Y5 (output punched cards).

9. Reset and load pass #7 followed by output from pass 6 (output

printed plus punched cards).

lO. Reset and load pass #8 followed bv output from pass 7 (output

punched cards).

ll. Reset and load pass #9 followed by output from pass 8 (output

printed plus punched cards).

12. Reset and load pass #10 followed by output from pass 9 (output

punched cards).
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13. Reset and load pass #Ii followed by saturation curve values and

output from pass lO (output punched cards).

14. Reset and load pass #12 followed by output pass #11 (output

printed and punched cards).

15. If there is punch card output from pass #12 no load saturation

curve is required. Place output form _2 in typewriter and load

pass #13 followed by saturation curve values and output from pass

12 (output printed).
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PASS I

I FORHAT(E11.5_E11o5,EII.5,EI1.5,EI1.5,EI1.5)

2 FORIIAT(FT.0,FT.0,F7.0,F7.O,FT.O,F7.0,F7.0,F7.0,FToO,F7oO)

3 FORHAT(gX FI2o5,2X F12o5)

7 READ2,VA,EE,EP,PNpF,PX,RPM, PI,PF,CK

READZ_POL, D I,DU,CL,HVpBV, SFpWL, BK,ZZ

READ2, B()pBI pB2, B3, BSgHO,HX, HYpHZ,HS

READZplIT,HW, QQ,W,RF _SC, YY, C,DW, SN

READ2,SNI,DWI,DB,CE,SH,SD,PBA, SK,TI,RS

READ2,G,GCDGP,G4,CI,CW,CP,EL,CM,CQ

READ2,PE,BNE,BSE,BNM, BSM,PNL,PSL,DR,IINP,DI

READ2,WO,HD,DD,H,B,BNpSB,TB,RE,T3

READ2,DDR,AD,PT,FE,RD,RT,T2,RR_SNL,WF

SS=SF*(CL-HV*BV)

HC=(DU-DI-2.0*HS)*Oo5

QN=QQ/(PX*PN)

TS=3oI42*DI/QQ

IF(ZZ-4.0)9,10,9

9 TT=(O.667*HS+DI)*3.1_2/QQ

GO TO II

10 TTffi((2oO*HO+BS)*O.66+DI)*3.1416/QQ

II IF(ZZ-IoO)I2_12,13

12 CC=(5oO*GC+BS)*TS/((5.O*GC+BS)*IS-BS*BS)

GO TO 14

,3 QC=(4o44*GC+Oo75*BO)*TS

CCffiQC/(QC-BO*BO)

14 CSfYY/(PN*QN)

IF(CS-Io0)15,15,16

15 IF(CS-Oo5)16,16,17

EQ (17)

EQ (24)

EQ (25)

EQ (26)

_Q

EQ

EQ

(27)

(67)

(31a)

I



7

16 PRINT2p 111,,0

GO TO 7

17 TP=3. 142"D I/PX

IF(SK) 18, 18,,19

18 FS=I o0

GO TO 20

19 FS=SIN(1.571*SK/TP)*TP/(1,,571*SK)

20 ZY=PX*PN

IF(PBA-60.)21 =,21 p22

21 D=loO

GO TO 23

22 D=2.0

23 U=Oo 0

24 U=U+I .0

DM=U*ZY

IF (QQ-DH) 26,25p 24

25 DF=SIr,I(1 o571*D/PN)/(QN*D*SIN(1,571/(PN*QN)))

GO T() 27

26 DF=SI N(I .571*DIPN)/(O.Q*D*S IN(I o571/(OQ*PN) ))

27 CF--S IN(YY*I °57 I/(PN*QN) )

EC--QQ*SC*CF"F S/C

GE--CC*GC

IF(CI )29,28,29

28 CI=0°64 9*LOG(PE)+Io359

29 IF(CW)30,30p31

30 CW=O. 71)7*EE*C I*DF/( EP*P N)

31 IF(CP)32,32,33

32 CP=PE*(I.OG (GC/TP)*. 0378+I ,,191 )

33 IF(EL)34,34,42

EQ (41)

EQ (42)

EQ (43)

EQ (44)

EQ (45)

EQ (69)

EQ (71)

EQ (72)

EQ (73)

I
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34 IF(RF)35,35,41"

35 IF (PX-2,0)36,36p37

36 U,:1o3

GO TO 4.0

37 I F (PX-4-. O) 38,,38,3 9

38 u=1.5

GO TO 40

39 u=1.7

40 EL=3.142*U*YY*(D I+HS )/QQ+O.5

GO TO 42

41 EL=.2.0wCE+3o 142*(0o5*HX+DB)+yywTSwTS/SQRT(TS*TS-BSWBS)

42 IF (CM)43 ,43 ,44

43 AA:SIN(3. 142wPE)

AB:S IN(I .57 IwPE)*4°O

CM-,(3 o142*PE+AA)/AB

44 IF (CQ)45,45,46

45 AA=I °571wPE

AB:3° 1416*PE

CQ:(Oo5WCOS(AA)+AB-S IN(AB))/(4.0*S IN(AA))

46 RB: (T 1+234o 5)wO o003 94*RS

PRINT3pSSpCC,HCpGE,TSpCI,TTpCW, FSgCPpDF, ELpCF,CM, EC,CQ

PUNCH

PUNCH

PUNCH

PUNCH

PUNCH1

PUN(HI

PUNCH I

PUN(HI

I,VA, EEpEPpPN,F,PX

IpRPM_PIsPF,CK_POL,DI

I_DUpCL,SS_HCpSF,QN

I,WLsBK,ZZpBOpBI,B2

pB3,BS,HO,HX,HY,HZ

pHSpHT_HW,QQ_WpRF

,SCpYYpCpTS_SNpDB

_CE,SHpSDtTT,SK,RB

EQ

EQ

EQ

3

(48)

(74)

(52)

!



4

PUNCH1 pRS,GC,GP,CI pCWpCP

PUNCH1 pELpCH,CO.pDWpCC,PBA

PUNCHI ,G4_CSpCF,FS_ECpDF

PUNCHI pG_GEpRS _TPp BNE_ BSE

PUNCH I pBNM, BSM, PNL, PSI., DR pH NP

PUNCHI pDIpWO,HD,DDpHpB

PUNCHI ,BN_SB,TB,RE_T3_PT

PUNCHI jFE ,RD_RTpT2,RRpSNL

PUNCHI,WF,PE,DDR,AD,SNI,DWI

PAUSE

END



I PASS 2

I

I

I

FORMAT(El Io5,E11 o5pE1

DIMENSION DA(8),DX(6)

READI_ VA_EEpEP,PNpF,

READI_ RPMpPI,PFpCKgP

READIp DUpCLpSSpHCpSF

1,5_EI 1.5,E11oS,E11.5)

,DY(8),DZ(8)

PX

Ol. pDl

,QN

I

I

I

READIp

READIp

READI,

READIp

READIp

WI.pBKpZZ,BOpBI_B2

B3pBSpHO,HXpHY_FIZ

HS,HT,H_IpQQ,WpRF

SCpYYpCpTS,SN_DB

CEpSHjSD,TT_SKpRB

I
I

I

READI_

READI,

READIp

RSpGCpGP,CIpCW_CP

EL,CM_CQ_DW,CCpPBA

G4,CS_CF,FSpECjDF

READIpG,GEpRSpTPpBNE,BSE

READIpBNM, BSMpPNLpPSLpDRpHNP

I

I

I

READIpDI,WOpHDgDD,H,B

READIpBNpSB,TBpREpT3_PT

READIpFE,RDpRTpT2,RRpSNL

READ I,WFpPE,DDRpAD,SNIpDWI

DT=DN1

I
I

I

IF (ZZ-3 .o)49, 5o, 5;

49 SM=TT-BS

GO TO 53

50 SM=(3. 1416*(DI+2.*HS)IQQ)-B3

GO TO 53

I 51 IF (ZZ-4.0)50,52,49

52 SM=TT-BS* (0.554-0.888-II0/BS)

! 53 HM=CL+EL

EQ (57a)

EQ (49)

I



6

61

62

IF (DT) 61,61,62

AC=O. 785_DW*DWwS N 1

GO TO 72

ZY=O.()

DA( 1)-0.05

DA(2),=O.O72

DA(3)=O. 125

DA(4)=Oo 165

DA(5)'-O. 225

DA(6)=Oo438

DA(7),-O.688

DA (8),,,I .5

DX(I )--0.000124

DX(2)-0.00021

DX (3).,,0.00021

DX (4) =0o 00084

DX(5)..OOOO189

DX(6)=0.00189

DY(1)..O.O001 24

DY(2),=0.000124

DY(3):0°00084

DY(4)- 0.00084

DY (5),,.0.00189

DY (6),-O. 00335

BY(7) -O.OO754

DY(8)=0o03020

DZ (1)=0.000124

DZ (2)=0o000124

DZ(3)=0.000124

I

EQ (46) I

!

I

I

I

I

I

I

I

I

I

I

I

I

I

I

i



I

i
I

I

I
I
I

I

I
I
I
I

!
I

I
I

I

DZ(4)=O.OO335

DZ (5),=0.00335

DZ (6)=O.OO754

DZ (7),=O.O134

DZ (8)=0°0302

63 I F (DT-.05) 201,200,200

200 JA=O

JB=O

JC=O

JD=O

64 JA=JA+I

JB=JB+I

JC=JC+I

JD-JD÷I

IF(DT-DA(JA))65,65,64

201 D=O

IF(ZY)71,71,54

65 IF (DW-O. 188)66,66,67

66 CY=DX(JB-I)

CZ=DX(JB)

GO TO 7o

67 IF (DW-0,75)68,68,69

68 CY=DY(JC-I)

CZ=DY(JC)

GO TO 70

69 CY=DZ(JD-1)

CZ=DZ ( JD )

70 D=CY+(CZ-CY)'k(DT-DA(JA-1))/(DA(JA)-DA(JA-1))

IF(ZY)71,71,54

?

I
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71 AC=(DTWDW-D)wSNI

72 1F (RT)7;'_, 73,7z, _

73 AS=Oo785WRDWRD

GO T() 55

7b ZY=I oO

DT=RT

DW=RD

GO T() 63

5b AS=RT_:_RI}-D

55 S:P I/(C_AC)

CY=PT WFE=':OoOOOOO I/AS

F K=RF,...CY
/

FR= ( T 2+ 21_4.o 5 ) WFK_O. 003 94.

RC=i). 3 2 I';'_PT '_VFE;_'AS

IF(Stl) 202,203,202

203 ET=.I

EB:|

GO TC_ 204

202 AA=O.584+(SII*SN-loO):_OoO625*(SD_CL/(SH*HH))*;_2.0

AB=(SH_SCWF;_AC/(BSWRB) )**2.O

ET=AAWAB*O.00335+l°O

EB= ET-O oOO 168;_AB

204 RY=SC:_QQ'*O ° OOOOO 1*HM/( PNwAC"_C:'_'C)

RG=RS:_'Ry

RP=P, BWRY

A,=P I wSCWCF/(C:'¢TS )

PUNCHI,VA,EE,,EP,,PN,F,PX

PUNCH I • RPt"I, P I ,,PF, CK,, POL, D I

PUNCHI,DUpCL,SS,HC,SF,QN

I
EQ (46)

!
EQ (153)

i
I

I

EQ (153)1

EQ (47) I

EQ (154)1

EQ (155)

EQ (156ii

!

I

I

EQ (55) I

EQ (56) I

EQ (53)

EQ (53) i

EQ (54)

EQ (128) I

I

I

!



PUNCH 1 ,WL, BK_, ZZ, BO, B 1, [._2_.

pLJI4CItl, B3, BS,HO,HX,HY_,ttZ

PUI_CH I, HS, HT, H_d,O.q,N, RF

PUI,ICFII_,SC 3YY jC _TS,,SF4,D[_

PUNCHI_CEjSH_,SD_,TT,SK_,F{B

PUi,ICH I_ ALCOpTP_,DI_,FE,RD_RT

PUI,ICHI_T2_RRjSI,IL,,WFsPE_Si',]I

PUNCHI_DWI _BPIpBP2_,TPIpTP2, ALP

PUNCH I,,DR p_,_dRj,TF P _DFP, DS I_ALSH

PUF,ICHI_PI,,P2_P3 _P4,PS_P7

PUNCFI I_RS,GC_PT,CI,CW, CP

PUNCH IpELpCI%CQ,,D_,d_CC,PBA

PUNCH I_GE,_CS_CFDFS_EC_DF

PUNCH IpF'IF4pSHp AS _,AC _,ET pEB

PUI,ICIIIgSpFKwFRpRCpRG,RP

PLJNCHI,A,,DCI

PAUSE

END



1U

P AS S

I05

IO6

I07

108

109

3

1 FORIiAT(E11oS, E11o5, E11o5, E11o5, E11o5, E11o5)

FLEAD1 , !.E:, [:!;,.. ,_-I_ ' '

;F " "'" _l PF C""

)' SS IIC SF,Oi,IREAD1 ,[b,CL, , ,

READ I

READ I

READ I

READ1

EEAD I

I:tEAD I

P,EA D1

READ 1

REAI)I

RI:A[)I

READ 1

P,EAD 1

READI

READ I

REAl) 1

READ 1

,WL., BK,ZZ, BO, BI,B2

I [I__; 1BS I t4() I tlX, flY, HZ

, ItS ,lit, If, I, 0 (_} 1 _I/ t RF

, SC,YY, C,TS,.Si.I, DB

,CE, SIt,:;D,TT, SK,RB

, AI.C() _'i'P, D 1, F E, RD, Ri"

,T2, R[-(, gi,il., _]F:, PE, Si41

[)_#1 , BP1, BP2,TPI,TP2,ALP

, [)FL , I_I_/f[ 11_-F Z P , DFP, US I, ALSit

, P 1, P2, P.";, P4, PS, P7

, RS,(;C, PT,CI,CW,CP

, EL,CI'!,CQ,D\!,CC,PBA

,GE,CS_CF,F!;,EC,DF

I I IIIlP SI 11 AS, AC, E'i", EB

, S _FK, FR, P,C, RG, RP

,A,DCI

IF (PBA-F' n.O) log, 105,108

IF (CS-0o667) 106,106,107

FF=O, 25,(6. O IrCS-1.0)

FF=O. 25::(:;° ;_CS÷l.0)

GO TO 75

IF (C':-O oI,67) 109, I09, 11 0

FF=O° 05 ,;(24° O.;CS- I°0 )

GO TO 75

EQ (61)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

I
I

I
I

I
I

I
I

I
I
I

I
I

I
I

I

II0 FF=0.75

75 CX=FF/(CF*CF*DF*DF)

Z=C X*20o O/(PNWQN)

BT:3.142*DI/()Q-B()

Z A= BT*BT / (16. O*T S*GC )

ZB=O.35*BT/TS

ZC=HO/BO

ZD:HX*O.333/BS

ZE:HY/BS

IF(ZZ-2.0) 76,77,78

76 PC=Z*(ZE+ZD+ZA+ZB)

GO TO 82

EQ (60)

EQ (62)

EQ (57a)

11

77 PC=Z:_(ZC+(2.0*HTI(BO+BS) )+(HWIBS)+ZD+ZA+ZB)

GO T() 82

78 IF(ZZ-4.0) 79,80,81

79 PC=Z_(ZC+(2.0*HT/(BO+B1 ) )+(2.0*HW/(BI+B2) )+(t-lX*O.333/B2)+ZA+ZB)

GO TO 82

80 PC=Z*(ZC+O.62)

GO TO 82

81 PC=Z*(ZE+ZD+(O. 5_GC/TS)+(O. 25*TS/GC) +0.6)

82 EK=EL/(IO,O**(O, 103*YY*TS+0.402))

IF (DI-8°O) 83,83,84

83 EK..SQRT(EK)

84 ZF-'.612*LOG (IO. O*CS)

EW=6.28*EK*ZF*(TP**(0.62- (0. 228*LOG (ZF)) ))/(CL*DF*DF)

86 ZC-O.O

87 ZA=3.11_16"(D I +HS)/QQ

IF(ZZ-3,O) 88,89,88

88 TM=ZA-BS"

EQ (63)
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89

90

GO TO 90

TH=(3. 1416='_(D I+2o_'_BI$)/QQ)-D3

WI = (T H*O Q:'-S S:VHS+ ( DU-HC ) _'.3 o I _ 2*HC*S S ) "0 ° 283

PUNCHI pVA, EE, EPp PN,F ,PX

PUNCHI

PUNCHI

PUNCHI

PUNCHI

PUNCFII

PUNClII

PUNCIII

PUNCHI

PUNCIII

PUNCFII

PUNCI11

PUNCH I

PUNCHI

PLINCHI

PUNCHI

PUNCI11

PUNCH1

PUNCHI

PUNCHI

PAUSE

END

,RPP4, P I ,PF,CK, POL, D I

,DU,CL,SS,HC,SF,QN

,WL,BK,ZZ,BO, BI ,B2

,B3,BS,HO,HX,HY,HZ

pHS,HT, HW,O.Q,W,RF

,SC,YY,C,TS,SN,DB

,CE,SH, SD,TT,SK,P,B

,RS,GC,GP,CI ,CW,CP

,EL,CH, CQ,DW,CC,AD

,G_,CS,CF,FS, EC,DF

,,G,GE,RS,TP,BNE, BSE

,BNt4,,RSM,PNL, PSL,DR,HI,IP

,DI ,WO,HD,DD,H, B

,BN,SB,TB,HE,T3,PT

,FE,RD,RT,T2,RR,SNI.

,WF, HI'4,SIt,AC, AS, ET

,EB,S,FK,FR,RC,RG

,RP,A,FF,CX,PC,EK

,EW,ZC,TM,WI ,PE,DDR

EQ (66)

I

I

I
I

I
I

I

I
I
I

I
I

I

I
I

I
I

I



!

!

!

!

I

I

!

!

!

!

!

!
!

!

!

!

!

!

!

36 0007 20050036 0020100500/1-400012002752
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PASS

I

2

4o4

4

FORMAT(E11oS_E11o5pE11.5pE11o5pE11o5pE11o5)

FORt_AT(FT.0,FT.0,FT.0pF7.0,F7oO,F7.0,F7.0_F7oO_FToOpFT.0)

READ2p PIpP2,P3pP4,P5pP6pPT,PLI,PL2pPL6

EAD2, PLCpDIR_DQpYH_ALYpRSLpY4pGP2pTSP,TSK

READ2_ DTOpDTIpDSIpDS2pDS3_DS4_DS5pSIpS2,S3

READ2_S4pS59D()S,PFHLpDBHL,WR

READIp VA_EEpEPpPNpF,PX

READI, RPM,PI,PF,CKpPOL_DI

READIp DU,CLpSS,HC,SFpQN

READIp WL,BKpZZ,BOpBIpB2

READI, B3,BS_HO,HXpHYpFIZ

READI, HS,HTpHW,QQ,W,RF

READIp SC_YY_C,TSpSN,DB

READI_ CE,SHjSDsTT,SK_RB

READI_ RSpGCgGP,ClpCW,CP

READI a EI.pCMpCQ,DW,CC_AD

READIp G4_CSpCF,FSmEC,DF

READI, GpGE,RS,TPpBNE,BSE

READIp BNMgBSH_PNL,PSL,DRsHNP

READI, DIgWOpHD_DD,HpB

READIp BN,SBpTB,RE,T3pPT

READIp FE,RD_RTmT2pRRpSNL

READIp WF,HM_SM, ACpAS_ET

READI_ EB_S_FK_FR_RC,RG

READI, RP,A,FF,CX_PC,EK

READI,E_ZC,TI¢,WI_PE,DDR

IF(PI)405,404,405

PI=3°Ig*(BNE+PL2)*TSP*PX/PLI

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I
I

I

I
I

I
I

I
I

I
I

I
I
I

I

I
I

I

I

4O5

4o7

438

437

4O6

4O9

4O8

411

414

416

415

413

418

417

410

420

419

422

421

423

424

15

IF (P2) 4176,407,406

I F(BNE-BNM)438,437,438

P2=6.28*((SQRT((BNM-BNE)**2+PNL*PNL)/2.)+PLI/2.)*TSP*PX/PL2 (EQ 81)

GO TO 406

P2=3.1 9*(PNL+PI. I )*TSP*PX/PL2

IF (P3)408,409,408

P3=3.1 9*BNE*(HNP-TSP)*PX/( (DR-DOS)*(3.1416/8. ) -TSP ) EQ (82)

IF (P4)410,411,410

TEM=3.1 9*( (DR/2.)-TSP )*PX/((DR-DOS)/2.-TSP)

T EMI =3.1 9*PX/( ( (DR/2.)-TSP )*S I N( (6.28/PX)*( I .-PE/4. ) )-BNE/2. )

IF (PX-4.)414,414,413

IF(BNE-BNM)415,416,415

P4=(PNI.+PLI)WTEM EQ (83)

GO TO 410

P4--(SORT ((B NM-BNE )**2+P NL**2) *. 25+( PL I/2. ))"2. *T EM

GO TO /+10

IF(BNE-BNM)417,418,417

P4-TEMI*((DR-DOS)/2. O-TSP)*(PNL+PL I)

GO TO 410

P4:(SQRT ((BNM-BNE)**2+PNL**2)*. 25+(PLI 12.) )*2.*TEMI*( (DR/2.)-TS r

IF(PS)419,420,419

P5=3.1 9*BNE*PL6*.667*PX/PLC EQ (84)

IF (P6)421,422,421

P6=3o |9*PLC*PE*(DR-2**TSP)*3. 1416/PL6 EQ (85)

IF (P7) 424,/+23,424

P7=(3,1 9//+.)'3. 1416*(DR+HC+HS)*(HC+HS+RSL)/(3. 1416*(HC+HS)/2.) EQ(86)

TG--6. E6*EE/(CW*EC*RPH) EQ (88)

PUNCHI ,VA, EE, EP, PN, F,PX

PUNCHI,RPM,PI ,PF,CK, POL,D I
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PUNCHIpDUpCL,SSpHCpSF,QN

PUNCH1 ,WL,BK,ZZpBOpBIpB2

PUNCF11 ,B3,BSgHO,HXpHYsHZ

PUNCHI pHSpHT

PUNCF11 ,SCpYY

PUNCHI ,CEpSH

,HW,QQpWpRF

,CpTS,SNpDB

pSDpTT_SKpRB

PUNCFI1,RS,GC,GP,CI,CWpCP

PUNCF11 ,EL,CM,CQ,DW,CC,AD

PUNCHI,G4,CS,CF,FS, EC,DF

PUNCHI ,G,GE,RS,TP,BNE,BSE

PUNCF11 ,BNM, BSH, PNLpPSL,DR,HNP

PUNCH1 ,D1,WO,HD,DDpH,B

PUNCHI,BN,

PUNCHI,FE,

PUNCHI,WF,

PUNCHI,EB,

SB,TB,RE,T3,PT

RD,RT,T2,RR,SNL

HM, SM,AC,AS,ET

S,FK,FR,RC,RG

PUNCFII,RP,A,PLC,PLI ,PC,EK

PUNCH1 ,EW,ZC,TM,WI ,PE,DDR

PUNCH1 ,TG, P I,P2, P3, P4, P5

PUNCHI ,P6,PT,D IR, DQ, YH, ALY,

PUNCH 1,RSL, Y4,GP2,TSP, TSK, PFHL

PUNCHI,DBHL,DOS_IR,DTO,DTI ,DSI

PUNCHI,DS2,DS3,DS4,DS5,SI ,$2

PUNCF11 ,$3,$4,$5

PAUSE

END

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I
I

I
I

I

I
I

I
I

I
I

I
I
I

I

I
I

I

PASS 5

FOR_AT(EIIo5.EII o5,EI 1o5,E11.5,EI Io5,EI 1.5)

READI .VA,EE.EP.PN_F,PX

REA[)I ,RPH.PI,PF,CK, POL_DI

READI ,DU,CL,SS,HC,SFpQN

READI _WL.BK,ZZ.BO,BI,B2

READI pB3pBSpHO,HX,HYpHZ

READI pHS.HTpHWpQQ,W,RF

READI .SC,YYpCpTS,SN,DB

READI pCE.SH_SDpTT,SKpRB

READI pRS,GC,GPpCIpCW,CP

READI .EL,CH_CQ,DW,CC_AD

READI ,G4pCS,CF,FS.EC.DF

READI pG,GEpRS,TP, BNE,BSE

READI pBNMp BSFI.PNL, PSL, DR,HNP

READI ,DIpWOpHD,DD,H,B

READI ,BN,SB_TB,RE,T3,PT

READI .FE,RD,RTpT2,RR_SNL

READI ,WF,HHpSM, AC, AS,ET

READI ,EBpS.FK. FR,RC,RG

READI ,RP,A,PI.C,PLI,PC,EK

READI pEW,ZC,TM,WI.PE,DDR

READI .TG,PI,P2,P3.P4,P5

READI .P6,P7,D IR,DQ,YH,ALY

READI ,RSL,Y4p GP2,TSP, TSK, PFFIL

READI ,DBHL,DOS,WR,DTO.DTI,DSI

READI pDS2,DS3pDS4.DS5_SI,S2

READI ,53pS4,$5

BTT=TG/( SS*S H*QQ)

17

EQ (91)

I



402

403

444

FQ:TG__CP/PX

BC:FQ / ( 2, *HC*S S )

BG=TG/(3.1416-D I _'_Cl.)

AL('R: 3oIZ_I6*(D_.I-HC)/(4.z_PX)

AY4=(3 o 1416/4o)*(DOS*DOS-DQ*DQ

AY2=3.1416*D OS:'_ALY

GA=D I_3. ILLI6*CL

A2=3.1416*GP2*(D I R_-GP)

I F (G-I o0)402_403,402

A3=I .571*(DT()+DTI )*SQRT(4o*Y4_-Y4+(DTO-DTI )**2)

GO TO 4.44.

A3:(DSI*Sl)+(DS2*S2)+(DS3-'_S3)+(DS4*Sb)+(DS5*S5)

A3=3. 1416*A3_-(DOS**2-DS1**2)*o78

ANP:P NI.* ( B NE..,,-BNM) / 2 o

ASP:BSE*TSP

ASK:3. 1416*(DR-TSK)*TSK

IF(WF)445,446,445

WF=2.52E-6" (DR*W2.5)* (PL I+PNL+GP2)*RPM** I :5

WC:. 321 *H M*QQ*AC*S C

PUNCHI ,VApEE,EP, PN,FpRPM

PUNCHIsPI _PF_CKpPOI.,DI pDU

PUNCHI,CL,SS,HC,SF,QN,WL

PUNCHIpBKpZZ,BOp BIpB2 sB3

PUNCHI pBSgHO,HX,HYpHZ,HT

PUNCHI_,HW,_QQ,W,RF,SCsYY

PUNCHI_C .TS_SN.DB,pCEpSH

PUNCHI j, SD.TT.SK.RB,RS_ GC

PUNCHI pC1 .CW_CP_ EL.CHpCQ

PUNCH| .DWgCC_,AD.CS_CFpFS

I
EQ (92)

EQ (94) I
EQ (95)

I

EQ (_12)I
EQ (124)

EQ (70)

I

EQ < oa>I
I

EQ (79) I

EQ (79a) I

EQ (795)

EQ (183)

EQ (65) I
I

I

I

I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

PUNCHI,EC,DF,G,RS_TP,BSE

PUNCHI ,BSH,PNL,DR,DI ,WO,HD

PUNCHI,DD,H,B,BN,SB,TB

PUNCHI,RE,T3,FE,ED,RT,T2

PUNCH 1, RR,, S 1'41._,_./F,.HH, St4, AC

PLJNCH1, ETpEB,SpFK,RCpP,.G

PUNCH1 pP,,P,.A,PLCsPLI,,PCpEK

PUNCH1 p EWpZC,.THpNI ,PE,DDE

PUNCH1 ,D I R, DOS jPO., RSL, GP2pTSP

PUNCH1 9TSK,.PFHL,DBHL•GApV'/C,ASK

PUNCH| ,TG, BTT, FO._,BC, GE, HS

PUNCI"I 1 ,,ALCR,. PX_. ANP, ASP, HNP

PUNCH1 pA2p A3, AY4,Y/4,G4, GP

PUNCH 1, AY2, YH, PT, FR, AS, PSL

PUNCHI,BNE,BNP4,ALYpPI,P2,P3

PUNCHI ,P4,P5p P6,P7_WR,BG

PAUSE

END

19

I



/,U

PASS

888

1

823

824

844

8Ol

DIHENSION AI(I70)

FORHAT(FIOoOpFIOoOpFIOoO,FIO.O,FIOoO,F I0.0)

FORt_AT (E 1 Io5,EI Io5_E11 o5,EI I.5,E11 o5,EI I.5)

K=I

READ888,AI (K) ,AI (K4-1),AI (K+2),AI (K+3),AI (K+4),AI (K+5)

READI,

READI,

READIp

READI_

READIp

LOAD:I

K=K+6

IF (K-119)823,824,821_

DO8h4 N=I_20

READI _RI pR2,R3 pk4pR5 pR6

PUNCH1,R1 ,R2,R3,k4,R5pR6

CONT IIIUE

READI,TG,BTTpFQ, BC,GE,HS

ALCRpPX,ANP_ASPpHNP

A2,A3,AY4,Y41G4_GP

AY2pYH_PT,FR,AS_PSL

BNE_BNHpALY,PIpP2pP3

P4pP5,P6,P7,WRp[3G

PL71=oO1*TG

TTP=TG+PL71

X=TTP/TG

B- "=X:_BTT

Z=FQIPX

PPI=X*FQ

,BC1= (P P 1/F O)*BC

BGI=BG*X

FG=(BGI*GE)/,,OO319

NA= 1

I

I

I

I

I

I

I

I

I

I

I

I

I

I
EQ (91)

EQ (93)

EQ (94) I

_.Q (96)



!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

K:I

X:BT1

GO TO 802

803 FT=AT-:HS

NA: 1

K:2

X=BCl

GO TO 8O2

804 FC=AT_ALCR

PL7= ( F T+F G+F C ) *P7 _ oO01

IF(I. I"'_PL71-PL7)810,811,811

811 IF(°'._PL71-PL7)812,812,810

810 PL71--PL7

GO TO 801

812 Z 1:( ,,JO2*(FG+FC+FT) )*(P 1+P2+P3+P4)

FQ=PP1

Z.,FQ/PX

Y:Z 1/P X+FQ

BNP:Y/ANP

BSP-Y/(2°_vASP)

NA:61

K:3

X-,.BNP

GO TO 802

805 FNP:HIW*AT

NA:31

K=4

X,,BSP

GO TO 802.

21

EQ (97)

EQ (98)

EQ (99)

EQ (100),

(lOi),
(lO2),
(lO3)

EQ (104)

EQ (105)

EQ (106)



//,

806 IF(BNE-BNH)820,821,820

820 AXX--PSI /2.

GO TO 822

821 AXX=PSI/3o

822 FSP=AXX_AT

PG2=(FQ_PX+Z I+PL7)/4.

BG2=PG2/A2

FG2=BG2_GP/.0031 9

BY4.=PG2/AY4

K=5

NA=61

X=BY4

GO TO 802

807 FY4=AT*Y4

Z 2=2. * ( F G+F C+F T )

Z 3=Z 2+F SP+FG2

PL5=(Z3+FNP)*P5*.O01

816 BNP=(((ZI+PI7+PI5)/PXI+FQ)/ANP

K=6

NA=61

X--BNP

GO TO 802

808 FNP=HNP_AT

PL51=(Z3+FNP)*P5*oO01

IF(to I*PL5-PL51 )813,814,814

814 IF(.9*PL5-PL51)815,815,813

813 PL5=PL51

GO T() 816

815 BG3_(FQ*PX+(ZI+PL7+PLS))/(4o*A3)

EQ (107)

EQ (108)

EQ (109)

EQ (110)

EQ (113)

EQ (114)

EQ (116)

EQ (117)

EQ (118)

EQ (119)

I

I

I

I

I

I

I

I

I

l

I

I

I

I

I

I

I

I



I

I

I
I

I
I

I
I

I

I
I

I
I

I
I

I
I

I

809

8O2

831

835

833

FG3=BG3WG4/o0031 9

P L6= (Z 2+F SP+F NP+F Y4+F G3 )*P6*o O01

BG2= (F O.*PX+Z I+PL7+PL6 )/ (4. CA2 )

FG2=BG2*GP/o00319

BY2= (FO*P X+Z I+P L7+PL5 )/ (4. *AY2 )

X=BY2

K=7

NA=91

GO TO 802

FY2=YH,WAT/3 o

F NL=Z 2+F NP+FSP+FG2+FY2+F G3+FY4

A I NL=FNL/PT

EF NL=A I NL*FR

CD=AI NL/AS

TG=TTP

PUNCH1 pTG•BTT•FQ, BCpGE•HS

PUNCH1 ,ALCR,PX,ANPt ASP_HNP

PUNCIII •A2,A3•AY4,Y_,G4,GP

PUNCH1,AY2,YH,PT,FR,AS,PSL

PUNCItl •BNE,BNHpALYpPI pP2pP3

PUNCH1 •P4pP5•P6•P7,WRpFC

PUNCH1,BNPpBSP,BY2pBY4pBG2pBG3

PUNCHlpPG2•FG,FG2•FG3pFNLpAI NL

PUNCHlpEFNL•CD,BClpBTI•BG1,FT

PAUSE

IF(AI (NA)-X)830,831,831

NA-'NA+3

IF(AI (NA)-X)833,834,834

NA-NA+2

EQ

EQ

EQ

EQ

EQ

EQ

EQ

EQ

EQ

EQ

23

(120)

(121)

(122)

(123)

(125)

(126)

(127)

(127a)

(127b)

(127c)

I



24

GO TO 835

834. AA-'AI (NA)

BBI=AI (NA-2)

DC=AI (NA+I)

D=AI (hlA-1)

XX = (AA-BBI)/(o43L_3_(LOG(DC)-LOG(D+o 0001 )) )

Y:AA-X X* o4343 *LOG (PC )

AT--E XP ( 2.o3 06_ ( X-Y )/XX)

GO TO (838,839),LOAD

838 GO TO (803,80_,805,806j807,808,8Og),K

830 GO TO (836,837),LOAD

836 PFtl NT 850,

850 FORHAT (171-'IHACt{INE SATURATED)

PAUSE

END



I
i

i
I

i

I
I

I

I
I

I
I
I
I

I

I

I

PASS

3

I

7

FORMAT

FORMAT

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READ|

READ!

READI

READ|

READ!

READ|

READ|

READI

READI

READI

(gx F12oS,2X F12.5)

(E11.5,E11.5,E11.5,E11o5,E11o5,E11.5)

,VA,EE,EP,PN,F,RPM

,PI_PF,CK, POL,DI,DU

,CL,SS,HC,SF,QN,WL

,BK,ZZ,BO,BI,B2pB3

,BSpHO_HX_HYpHZpHT

pHW,QQ,W, RF_SC,YY

,C ,TS,SN,DB,CE,SH

,SD,TT,SK,RB,RS,GC

,CI,CW_CP,EL_CHpCQ

,DW,CC,AD,CS,CF,FS

,EC,DFpG,RS,TP,BSE

,BSM, PNL.,DR,DI,WO,HD

_DD,H, BpBN, SB,TB

_RE,T3pFE,RD,RT,T2

,RR,SNL,WF,HM, SM,AC

pET_EBpS_FKpRC_RG

,RPpA,PLC,PLI,PC

,EW,ZC,TMpWI,PE,DDR

,DIR,DOS,DQ,RSL_GP2,TSP

pTSKwPFHLoDBHL_GApWC,ASK

,TG,BTT_FQ,BC,GE,HS

,ALCR,PX,ANP,ASP,HNP

,A2,A3,AY4,Y4,G4,GP

pAY2pYH,PT,FRpAS,PSL

,BNE,BNM, ALY,PI,P2,P3

pP4, P5,P6_PT,WR,FC

25

I



26

511

5O2

501

5O3

5o4

5o5

READI

READI

READI

,BNP,BSPpBY2,BY/+,BG2,BG3

,PG2pFG,FG2pFG3IFNL, AI NL

,EFNL,CDmBCIpBTI ,BGI,FT

I

I

XR--o0707WAWDF/(CIWBG|) EQ (129) I

XL:XP,*(PC+EW) EQ (130) I

XD: EC*PI*CII*DF* 90./(PX*(2.WFG+FG2+FG3)) EQ (131)

XA=XL+XD EQ (133)

XB=XL+XO EQ (134) I

VR= o262*DRwRPH EQ (145) I

GEI=GE _(2owFG+FG2+FG3)/(2._FG)

PGX=3. I.gwTP*SSwCP/GE I
PGE=PG2/(AI NL*PT*oO01)

XF=XP, wPX/SS*((CI/CP)**2*(PGX*PGX)/(6o28,*PGE*(GEI/GE)**2)) EQ (,oo)I
SI=2°wPT*PT*PGE*I oE-8 EQ (161)

FL=PI+P2+P3+P4+P5+P6 EQ ,,o,,,I
IF (BN)511,51 0,511 I
IF(H)501,502,501

BD=6.38W(HD/NO+l° 12) EQ (,,8)I
GO TO 503 I
BD=6 °38W(HD/WO+H/(3 °*B)+o 5)

• ° v I
BE-6°38*(BNE-TB*(BN-I ))/(3o.oE) EQ (159)

XI=XRwCOS((BN-I.)WTBW3oI416/(2°*TP))*(BD+BE)*FL/(BD+BE+FL) EQ (163)

XXA=20°WTB/TP I

IF(H)504,505,504.

X2=XP,_(,5_GC/TB+HD/WO+II/(3.*B) _-"XXA EQ (165) I

GO TO 506 I

X2=XF(W (GC/T B+I o12+HD/WO) *XXA

Go,o50, I



I
I

I
I

I
I

I

I
I

I
I

I
I
I

I
I

510

5o6

5O7

5o8

5O9

27

XI=O

X2=()

XU=XF+XL EQ (166)

XS=. 88*XIJ EQ (167)

iF(BN)507,508,507

XX=XL+XI EQ (168)

XY,=XL+X2 EQ (169)

GO TO 509

XX=XS

XY=XB

PRI NT3,AC,A,S,XR,HH, XL,RG,XD,RP, XQ, ET,XA, EB,XB,PC,XF, EW,S I,_¢C,XI

PRI NT3,WI ,X2,TP 9XU,WR, XS,VR, XX, AS, XY

PUNCHI,TSK, PFHL,DBHL,GA, EP,ASK

PUNCHI,BSP,BY2,BY4,BG2,ALCR,ANP

PUNCHI,ASP,HNP,A2,A3,AY4,Y4

PUNCHI,G4,GP,AY2,YH,PT,SNL

PUNCHI,AS,PSL,BNE, BNM, ALY,BNP

PUNCHI,BG3,AI NL,EFNL,CD,CP

PUNCHI,ET,EB,RP,PF,SH,WF

PUNCHI,RSL,CK,C,PT,RP, POL

PUNCH|,P I,FNL,PG2,FG,FG2,FG3

PUNCHI,HZ,SC,YYpCM,CF,DF

PUNCHI pAD,FK, RG,PC, EW, DDR

PUNCHI,GE,S I,XL,XS,XA, XQ

PUNCHI,XB,X2,XD,XR,TT,W

PUNCHI,PN,F,RPH,D I,DU,CL

PUNCH I, SS ,HC, QN, WL, BK, BO

PUNCHI,QQ,TS,GC,CI,CC,DI

PUNCHI pWO,HD,DDpH,B,BN



28

PUNCHIpSB,TB.REgT3pHS.PX

PUNCHIpBClpBTI tBGI pVApBS,HX

PUNCHIpFR.RCpFT.FC,FQpTG

PUNCHIpPIpP2pP3pP4pP5pP6

PUNCHIpP7_EEpCW,SNLpEC

PAUSE

END

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I

I

PASS 8

I FORHAT(E11oS,E11oS,E11oS,E11o5,E11oS,E11.5)

D0998 K=1,8

READI_RI,R2pR3,R4pR5,R6

PUNCHIpRImR2pR3jR4pR5BR6

998

132

133

CONTINUE

READIpPI

READI_FIZ

134

135

pFNLpPG2_FGpFG2,FG3

pSC.YYpCMpCF.DF

READIpADpFK.RGpPCpEW.DDR

READI,GEpSI.XL,XSpXApXQ

READIpXBpX2pXD.XRpTT,$1

READIpPNpFpRPF4,DIpDU_CL

READIpSSpHC.QNpWLpBK_BO

READI,QQpTS.GC,CIpCC,DI

READIpWO,HDpDDpH.B.BN

READIpSBpTB,RE.T3pHSpPX

READIpBCIpBTI,BGI,VApBS.HX

READI pFRpRCpFT,FC.FQpTG

READI pPIpP2pP3pP4,PSpP6

READIpP7pEE,CWpSNL,EC

WQ=(DU-HC)*I.42*HC*SS*(BCI/BK)**2oO*WL

WT= SM *QQeSS*HS*Oo453*(BTI/BK)**2oO*WL

D2=BGI**2oS*OoO00061

D3=(O.OI67*QQ*RPM)**I.65*O.O00015147

IF(TS-Oo9)I33pI33p134

D4=TS**1o285*O,81

GO TO 137

IF(TS-2oO)I35pI35m136

D4=TS_*1.145*Oo79

EQ

EQ

29

(184)

(18S)



3O

136

137

138

139

140

141

142

143

144

2O6

145

146

147

151

153

160

GO TO 137

D4=TS**O o79"0.92

D7=BOIGC

IF(D7-1.7) 138,138,139

D5=D7_*2o 31*0o3

GO TO lJ-_J'

IF(D7-3oO) 140,140,141

D5=D7W*2.0*O. 35

GO TO 144

IF(D7-5oO) 142,142,143

D5=D7_*I o4W0o625

GO TO 144

D5=D7**O o965-I o38

D6=I0.0**(0o 932"CI-Io606)

BA--3°142*D IwC L

V/N-D I*D 2*D 3,*D4*D 5*D6 *B A

IF(BN) 206,207,206

A A,=WO/( GC*CC )

IF (AA-Oo65) 145,145_ 146

VT=LOG(IOoOWAA)*(-Oo242)+0o59

GO TO 147

VT=O° 327- (AA*Oo 266)

FS I=2.O*QN*PNWF

FS2=2oOWFS I

RM,=REWO. 000001

AA= (F S I/RM) *wO. 5*D D*O °32

AB= (F S2/RM) *wO° 5*D D*O o32

IF (AA-2°5) 160,160,161

V I= I. 0-0 o15_AA+O. 3*AA*AA

GO TO 162

EQ (186)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



161 VI=AA

,3.1.

I

I

I

I

I

I

162 IF(AB-2.5) 163,163,164

163 V2=I o0-0o 15*AB+O.3*AB*AB

GO TO 165

164 V2=AB

165 IF(II-B) 167p166,167

166 VC=O.75/V I

GO TO 169

167 IF(DD) 166,168,166

168 VC--H/(3=O_B*VI)

16 9 VS=HD/_O+VT+VC

I

I

I

VG=TB/(CCWGC)

Ql=l°O-(1,O/(((BO*O.51GC)**2,O+l,0)**0.5))

QZ=BO/TS

Q2=1.05*SIN(QZW2o844)

IF(QZ-Oo37)170,170,171

I

I

I

I

170

171

172

173

Q3=O.46

GO TO 172

Q3=O. 23"S I N( 10. 46-QZ-2o 1 )+o, 23

Q4=SIN(6, Z83WTB/TS-I.571 )+Io0

Q5=S IN(I 2o566*TB/TS-I ,571 )+I.0

IF(DD) 174p 174,173

AB= O, 785*DDWDD

I

I

I

I

174

175

GO TO 175

AB=H*B

W2=PX*BN*SB*RM*Io246/AB

W3=(Q2/(2oO*VS+(VG/Q4)))**2,O*VI

WS=(Q3/(2,0*VS+(VG/Q5)))**2oO*V2

WD=(TS* QI*CC)*W2,0*W2*(W3+W5)*BGI

TO 208

EQ (.193)

-207 WD=O



39.

208 PUNCHI,PI,FNL,PG2,FG,FG2,F_,

PUNCHI,HZ,SC,YYgCM,CF,DF

PUNCHI,AD,FK,RG,PC,EW,DDR

PUNCHI,GE_SI,XL,XS,XA, XQ

PUNCHI,XB,X2,XD,XR,TT,W

PUNCHI,PN,F,RPi'4,DI

PUNCHI_SS,HC,QN,WL

PUNCIII,OQ,TS,GC,CI

PUNCHI,WO,HD,DD_H,

PUNCHI,SB,TB,RE,T3

PUNCHIpBCI,BTI,BGI

,DU,CL

,BK,BO

,CC,DI

B,BN

,HS,PX

pVA,BS,HX

PU NCIII,WT, WQ, WN jWD, FR, RC

PUNCHI,FQ,TG,FC,FT,PI,P2

PUNCHI,P3,P4,PS,P6,P7

PUNCIII, EE,CW, SNL, EC

PAUSE

END

I

I

I

I

I
I

I
I
I

I
|

I

I



I

I

I

I
I

I
I

I
I

I
l

l
I

PASS

999

601

603

9

I FORHAT

3 FORHAT

4 FORHAT

D0999

R EAD I

PUNCtl

CONT I

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

(Ello5,E11o5,EI1o5,Ello5,E11.5,E11.5)

(gx F12.5,2X F12.5)

(9X F12o5/9X FIZo5/)

K=1,8

,RI,R2,R3jR4,R5,R6

I,RI,R2,R3,R4,R5,R6

NtJE

pPI,FNL,PG2,FG,FG2,FG3

_HZ,SC,YYaCH, CF,DF

,AD,FK_RGpPC,EWpDDR

pGEjSI,XL,XS,XA,XQ

,XB,X2,XD,XR,TT,W

,PN,F,RPH,DI,DU,CL

pSS,HC,QN,WL,BK,BO

_QQ,TS,GCpCI,CC,DI

,WO,HDpDDpHjBpBN

pSB,TBpRE,T3pHSpPX

READI,BCI,BTI,BGIpVA, BS,HX

READI ,WT,WQ,WN,WD,FR,RC

READIpFQ,TG,FC,FT,PI,P2

READI,P3,P4,PS,P6,P7

READI ,EE,CW,SNI.,EC

IF(BN)601,6%0,601

REH=RE*(T3+234.5)/254o5

IF (H)603_604,603

ACD=HeB

GO TO 61)5

Eq

EQ

33

(143)

(144)

I 604 ACD=. 7854*DD*DD



34

6O5

606

607

608

610

609

612

611

615

614.

613

616

617

618

623

XHffi(XD/(C I*CM) ) *(2. WFG+FG2+FG3)/FNL

RDB: ( ( 1O0.*XR*P X*R EH ) / (F*SS) )

RDBffiRDB* ( ( SB/f, B/,I*ACD:_P X ) )+( o637*DDR/( AD*P X*P X) ) )

ANN=RDB/XH

IF(H)606,607,606

XDD:(2c).*XR/BN)* (H/(3 o*B)+WO/AD) + 5.*XM/(6.*BN*BN)

GO TO 608

XDD- (20.*XR/B N)*(. 62+WO/HD)+ 5o*XH/(6.*BN*BN)

SIG- XDD/XM

AAffi4°=_SIG*S IG+ANNWANN

XN_(XHW(4oeS IG+AA)/((I .+S IG)*W2*4°+ANNeANN))+XL

AA=3. *YY / (4. *P N*Q N)

AA I_AA_4.

609,61 0,609IF(W)

XOffiO,

GO TO 621

IF(SC-1.) 611,612,61'I

AKX=.I °

GO TO 615

AKX=AA1-2o

IF(SC-1.)613,614,613

AKXl=I o

GO TO 618

IF ((YY/(PN*QN) )-,667)616,617,617

AKXI =AA+° 25

GO TO 618

AKXI=AA-. 25

IF (AKX)622_623,622

ABL:O.

EQ

EQ

Eq

(170)

(170)

(170)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

!
I

I

I
I

I
I

i
I

I
I

I

in
I

I

I

622

619

620

621

625

624

626

GO TO 620

BB=6 o35"D I/(PX*GE)

ABL- (AKX / (CF*CF) )*o 07*B B

IF(BN)619,620,619

ABL=( (AKX*X2/AKX I)+ABL)/( (AKXWX2/AKX I)*ABL)

XO=(AKX/AKXI)W(ABL+PC)+ .2*EW

XO=XO+ (I.667*(HX+2.*HZ) / (PN*QN*CF*CF*DF*DF*BS ))

TC= S I/(2.*FK)

TA-XN/(628o32*F*(PN*PI*p I*RG/VA) )'1 oE3

TS=XS_VTC/XA

IF (F-60o)624,625,624
.,

T4=.035

GO TO 626

T4=°005

35

EQ (172)

EQ (176)

EQ (177)

EQ (178)

EQ (179)

PUNCHI,HZ,SC,YY,CM, CF,DF

PUNCHI,AD,FK,RG,PC,EW,DDR

PUNCHI,GE,SI,XL,XS,XA, XQ

PUNCHI,XBmX2,XDpXR,TT,W

PUNCHIpPN,F,RPMpDI,DU,CL

PUNCHIpSS,HC,QNpWL,BK_BO

PUNCHIpQQpTS,GCmCIBCC,DI

PUNCHI,WOIHD,DD,H,B,BN

PUNCHIpSB,TB,REpT3,HS_PX

FSC=XA*( 2. _FG+FGZ+FG3 )/ IOh° EQ (180)

SCR=FNL/FSC EQ (181)

PRINT3,FK, XN,FR,XO,RC,TG,TC,FQ,TA,BGI,T5,BTI,T4,BCI,PI,FT,P2,FC

PRINT3pP3,FGpP4,FSC,P5,SCR

PRINT4,PG,P7

PUNCHI,PI,FNL,PG2,FG,FG2,FG3
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PUNCHI_BCI_BTI,BGI_VApBS,HX

PUNCHIpWTpWQpWNpWDpFR_RC

PUNCHIpFQ_TGpFCpFT_FSCpSCR

PUNCHI_PIpP2pP3pP4_P5_P6

PUNCHIpPTpEEgCWpSNLpEC

PF_SE

END

I

I

!

I

I

!

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

I

I

!

I
I
I

!

I
I
I

i
I

I
I

I

PASS

I

994

824

10

DIMENSION YB(4),EX(4.),EDA(4),DX(4.)

FORMAT(E11.59E11o5,EI 1o5,E11.5,E11.5,E1 Io5)

(t3)

pTSKp PFHLpDBHL, GA, EPpASK

pBSP•BY2,BY4•BG2,ALCRpANP

FORHAT

READI

P,EAD I

READI

READI

READI

READI

READ I

READ I

READI

READ I

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

•ASP•HNPpA2,A3pAY4wY4

,G4pGPwAY2pYH•PT

,AS,PSL.BNEpBNHpALYpBNP

pBG3pAI NLpEFNLpCD,CP

ET, EB•RP•PF,SHpWF

pRSLpCK,C,PTpRP 9POL

,P I _FNL, PG2,FG•FG2,FG3

•HZ,SC•YY•CM,CF•DF

,AD•FK•RG, PC•EW.DDR

,GE•SI •XL,XS,XA•XQ

•XB,X2•XD•XR,TT•W

pPN,F,RPI4•D I,DU•CL

,SS•HC,QN,WI. pBK• BO

,QQ_TS•GC.CI,CC•DI

pWO_HD,DD,H•B•BN

•SB_TBpREpT3•HSBPX

pBC I•BT| •BG| pVApBS,HX

,WTpWQ•WN_W[),FR•RC

READI ,FQ,TG•FC•FT,FSC_SCR

READI ,Pl ,P2•P3,P4•P5•P6

READI •P7•EE,CW,SNL, EC

AN=ATAN(SORT(I o-PF*PF)/PF)

AX=SI N(AN)

EQ

37

(198)



703

777

925

924

927

929

YB(1)=Io

YB(2),=I.5

YB (3)*.-2.

YB(4)=POL

D0777 K=I ,4

AE=ATAN((AX+YB(K)*XB/I 00.)/PF)

EDA(K).=COS (AE-AN)+YB (K)*(XA/100o )*SI N(AE)

DX(K):EDA(K)-(. 93*YB(K)*XDII OO.)*SIN(AE)

EX (K) =EP+P I*YB (K) *RP

AAX: (P I+P 2+P 3+P4.) * oOO I

P5=.OO1*P5

P6=.OOI*P6

P7=oOOI*P7

IF (BNE-B NM) 924_ 925p 924

AA=PSL/3.

GO TO 927

AA=PSL/2.

PUNCHI,EDA(1),EDA(2),EDA(3),EDA(4)

PUNCHI,EX(1),EX(2),EX(3), EX(4)

PUNCHI ,DX(1),DX(2),DX(3),DX(4)

PUNCHI_POLpFGpFTpFCpPFpGE

PUNCHIpGA_TGp EPpCP,SS,SM

PUNCIIIpQQpHS,PXpCK, ASPpAA

PUNCHIpANP,HNPpASK_RSL,GPpAY2

PUNCHIpYHpA2pA3pG4,AY4pALY

PUNCHIpPTpFR,ASpP5pP6mP7

PUNCHImAAX,GC

IF (SNL) 928,929p 928

KA--6

I

I

I

I

EQ (198)|

EQ (197) I

I

I

I

!

I

n

m

I

I

i

i

I
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I

I

I
I

I

!

I
I
I

I

I
I
I
I

I
I

I

I

928

93 0

931

93 2

GO TO 930

KA= 13

PUNCH9.g_, KA

PUNCHI_PFHLgDBHL,BSP,BY2,BY4,SNL

PUNCHI,BG2,SCpBNP,BG3pAI NLjEFNL

PUNCHI,CD,ET,EB,WF,C,P I

PUNCHI_FNL,FK,RG,XA,XQ, XD

PUNCHIpPN,BO,REpT3,WTjWQ

PUNCHI,WN,WD,RP,RC,FSC,SCR

I F(SNL)93 1,932, 93 1

PUNCHI,GEjSS,SM, QQ,HS,PX

PUNCH I•ASP, ANP _H NP, GP, AY2, YH

PUNCH I,A2, A3, G4, AY4, ALY, PT

PUNCHI,FR,AS,P5,P6pP7,GA

PUNCHI_ALCR,Y4,RPM,HC,AAX,GC

PUNCF!I,EEDCWDSNL,EC,BNF_,BNM

PUNCHI,PI,P2,P3,P4,CP,PSL

PAUSE

END

39
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PASS 11

1

888

994

823

824

995

DI'aENSION AI(120),EDA(4),EX(4),DX(4),BNPL(4),BSPL(4),BY2L(4) I
D IhFIIS ION BY4L(L_) ,BG2L(4) ,BG3L(4) ,FFL(4) ,AIFL(4) ,EPFL(4) ,CDD(4) I

I
DIMENSION FGL(4)

FORMAT (E I1o5,EI I°5,El I,,,5.E I1.5,EI I.5,EI 1°5) I
i

FORHAT(FIOoO,FIOoO,FIO°OpFI O°OBFIO°OpFIO°O)

FORHAT (13) I

K=I

READ888,AI (K),AI (K+I),AI (K+2),AI (K+3),AI (K+4),AI (K+5)

K=K+6

IF (K-119)823,824,,824

READI

READI

READI

,EDA(1),EDA(Z),EDA(3),EDA(4)

,EX(I ), EX(2), EX(3), EX(4)

,DX(1),DX(2),DX(3),DX(4)

I

I

I

I
READ1

READ1

READ1

R EAD 1

READ1

READ1

READ1

,POL,FGpFTBFCpPF,GE

,GA,TGBEP,CP,SSpSM

,QQ,HSpPXsCK, ASP,AA

,ANPpHNPpASK,RSL,GPpAY2

,YH,A2pA3,G4,AY4pALY

,PT,FR,AS,P5_P6,P7

,AAX,GC

READ 994,KA

DO 995K:1,KA

READI,ED,ENL,FTL,FCL,X,PTT

I

I

I

I

I

I
PUNCHI,ED,ENL,FTL,FCL,X,PTT

LOAD'=2

JA=O

D0996 J=1,4

ED=EDA(J)

I

I

EQ (19_



L

I

I

!

I

!

l

I
I

I

I
I
I

I

ENL=EX(J)

BB=ED*FG

FTL=FT*(I.+vF)

FCL=FC

PL7L=P7 *(BB+FTL+FCL)

BB=BB+(PL7L*GE) I( .OO31 9*GA)

PLL=TG*ENL/EP

PTLI=PLL+PL7L/CP

X =PTLI/(SS*SM*OQ)

NA= I

K=I

GO TO 802

910 FTL=AT*HS*(I,+HF)

PL7L=P7 *(BB+FTL+FCL)

PTL=PI.L+PL7L/CP

FGL(J)=BB+(PL7L*GE)/(GA*,O0319)

PTT=( 2,* (FGL (J) ÷FTL+FCL) )*AAX

FQ=PTL*CP/PX

IF(PF-o 95) 921 o921,922

922 FQL=CK*FQ

GO TO 923

921 FQL=FQ*DX(J)

923 PSPL=FQL/2, +PTT / (2,*PX)

X=PSPL/ASP

BSPL(J)=X

NA=31

K=2

GO TO 802

911 FSPL=AA*AT

EQ (197)

EQ (199)

EQ (200)

EQ (201)

EQ (202)

EQ (203)

EQ (204)

EQ (206)

EQ (207)

EQ (208)

EQ (208a)

EQ (213)

EQ (214)

EQ (215)

EQ (216)

I



42

PNPL=FQL+PTT/PX

X=P NP L/ANP

K=3

NA=61

GO TO 802

912 FNPL,-AT*HNP

BB=2.*(FGL(J)+FTL+FCL)

P6L,=P6* (FSPL+FNPL+BB)

PSK=PSPLwpX/2.+PGL/2.

BSK,=PSK/ASK

NA=31

K=4

X=BSK

GO TO 802

913 FSK=RSI.WAT

BG2L(J)=PSKIA2

FG2L=BG2L (J)*GP/. 0031 9

PL5=P5 * (FNPL+BB+FSPL+FG2L)

PY2=PSK+PI_5/2,

X=PY2/AY2

BY21.(,J)=X

K=5

NA=91

GO TO 802

914 FY2L=AT*YH/3.

BG3L(,J)=PY2/A3

FG3L=BG3L(J)*G4/oO0319

X=PY2/AY4

BY4L(J)=X

EQ (217)

EQ (218)

EQ (219)

EQ (220)

EQ (221)

EQ (222)

EQ (223)

EQ (224)

EQ (225)

EQ (226)

EQ (227)

EQ (228)

EQ (229)

EQ (230)

EQ (231)

EQ (232)

I

I

I

I

I
I

I

I
I

I
I

I

I

I

I

I

I

I



I

I
I

I

I
I

I

!
I
I

I

I
I
I
I

I

I

I

915

916

996

837

97O

997

971

802

831

835

833

834

NA=61

K=6

GO TO 802

FY4L=ALY_AT/?.

X=2.*PY2/(4o*ANP)

BNPL(,J)=X

NA=61

K=7

GO TO 802

FNPL=HNP*AT

FFL ( J ) =BB+F SP L+F NPL+F SK+F G2L+FY 2L+F G3 L+F Y4L

AIFL(J)=FFL(J)/PT

EPFL(J)=AIFL(J)*FR

CDD(,J)=AIFL(J)/AS

JA=JA/6

PUNCH994-, JA

I F (JA) 970,971,970

DO 997 K=I,JA

PUNCH1 ,BNPL(K),BSPL(K),BY2L(K),BY4L(K),BGZL(K),BG3L(K)

PUNCH1,FFL(K) pAIFL(K) ,EPFL(K),CDD(K),FGL(K)

PUNCH1B POLpFGpPF, EPpGEp FR

PUNCHtpPTpGC

PAUSE

IF(AI (NA)-X) 8301,831,831

NA=NA+3

IF(AI (NA)-X)833,834,834

NA=NA+2

GO TO 8.35

A=AI (NA)

EQ

EQ

EQ

EQ

EQ

EQ

EQ

43

(233)

(234)

(235)

(236)

(237)

(238)

(239)
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839

83O

BBI=AI (NA-2)

DC=AI (NA+I)

D:AI (NA-I)

XX:(A-BB I )/( o!_34-3" (LOG (DC)-t.OG (D+. OoFol ) ) )

Y:A-X;(*. 4343"I.0G (DC)

AT-EXP(2o306*(X-Y)/XX)

GO Tc) (838_839)gLOAD

JA=JA+I

GO TO

GO TO

E qD

(910, 911,912.91-'_, 914,915,916),K

(836,837), LOAD

I

I

I

I

I
I

I

I
I

I

I
I
I

I

I

I

I

!

I



I

I

!

I

!

i

I

!
I

i
I

I
I

I
I

I

I

I

PASS

961

I

994

950

12

DIr_ENS ION

D IMENS ION

D IHENS ION

45

BNPL(4),BSPL(4),BY2L(4),BY4L(4),BG2L(4),BG3L(4),FFL(4)

AIFL(4),EPFL(4),CDD(4),FGL(4), STTL(4),WDL(4)

SCUL(4),EDDL(4),WNL(4),FCUL(4),TOTL(4),PEFF(4),YB(4)

FORHAT(F 11,3,8X F11.3,F11.3,FII.3,F11.3)

FORHAT(EI 1.5,EII.5,EII.5,E11.5,EI 1.5,E11.5)

FORHAT (13)

DO 950 K=1,4

BSPL(K):O

BNPL(K):O

BY2L(K)=O

BY4L(K)=O

BG2L (K)=O

BG3L(K)=O

FFL(K)=O

CDD(K)=O

AIFL(K)=O

EPFL(K)=O

FGL(K)=O

STTL(K)-O

WDL(K)=O

SCUL(K):O

EDDL(K)=O

WNL(K)=O

FCUL(K)-O

TOTL(K)=O

PEFF(K):O

READ I•PFHL, DBHL, BSP, BY2, BY4, SNL

READI,BG2, SC,BNP,BG3_AI NL,EPNL



46

992

991

993

941

943

942

965

964

955

READIpCDpETpEBpWF_C_PI

READ| ,FNLpFKpRGpXA_XQpXD

READIpPNpBOpREpT3pWT_WQ

READ I,WN_WD _RP _RC pFSC, SCR

IF (SNL) 993,993,992

DO 991 L=1,7

READI _POL,FG_PF_EP_GE_FR

PUNCHIpPOL,.FG,PF_EPpGE,FR

READ994", JA

IF (JA) 941,942,941

DO 943 K=I,JA

READIpBNPL(K) pBSPL(K)_BY2L(K)pBY4L(K),BG2L(K)gBG3L(K)

READ I, FFL(K), A IFL(K), EPFL(K),CDD (K), FGL(K)

READIpPOLpFG_PF_EPpGEpFR

READI_PT_GC

ABX=O

YB(1)=Io

Yt")(2) = I .5

YB(3)=2°

YB(4)=POL

AAX= RE*((T3+234.5)/254.5)

AAX=AAX/RE

BX=PFHL+DBHL

AXX=BO/GC

IF (AXX-I o)964,965,964

AKSC=2o6

GO TO 957

IF (AXX-3 o75)955,955,956

AKSC= I0o**° 178/( (A_(_(,-I. )**°334)



I
I

I

I

I

I

I

I

i

I

I

I
I

!

I

I
I

I

956

957

967

968

966

952

953

954

951

958

GO T0957

AKSC= I0o**. 1I/( (AXX-I.)**o 174)

FEL=AI NL*A INL*FK*2°

T L=WF+WQ+WT+WD+WN+F EL

IF (POL) 966,967,966

IF (JA-4) 966,968,966

JA=JA-I

DO 951 K=I,JA

FCUL(K)=2o,e(AIFL(K)**2)*FR

AXX=(o4*XA/IOO°)WyB(K)

IF(AXX-Io)952,953,953

AXX-AXX** I°8

GO TO 954

AXX=AXX**2

STT L (K)- (2 o*AXX+ 1 ° ) *WT

4'7

EQ (241)

EQ _242)

PRINT96

PRINT96

PRINT96

PRINT96

PRINT96

I,BNP,BNPL(1),BNPL(2),BNPL(3),BNPL(4)

I,IISP,BSPL(1),BSPL(2),BSPL(3),BSPL(4)

I, liY2, BY2L ( I ) ,BY2L ( 2), liY 2L (3) ,8Y2L (4)

I, liY4, liY4L ( I ), BY4L (2), BY4L (3), liY4L (4)

I,IIG3,BG3L(1),BG3L(2),IIG3L(3),IIG3L(4)

AXX = ((AKSC*P I*YB (K)*SC) / (C*FGL (K)) )*'2+I.

WNL(K)'=AXX*WN EQ (243)

WDL(K)=AXX*WD*AAX EQ (244)

SCUL(K)=PN*PI*PI*YB(K)*RP EQ (245)

EDDL(K) :( ((ET+EB)/2.)-I. )*SCUL (K) EQ (246)

TOTL (K) :SCUL (K) +WF+STTL (K) +WQ+WNL (K)+WDL (K) +EDDL (K)+FCUL (K)+BX

PEF:3.*EP*PI*YB(K)*PF EQ (247)

PEFF(K)=PEF*IOO./(PEF+TOTL(K)) EQ (248)

IF(POL) 958,959,958
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959

PR

PR

PR

PR

PR

PR

PR

PR

PR

PR

PR NT96

PR NT 96

PR NT96

PR NT96

PR NT96

PAUSE

PR

PR

PR

PR

PR

PR

PR

PR

PR

PR

PR

NT961,BG2,BG2L(1),BG2L(2),BG2L(3),BG2L(4)

hiT 9E; I, FNL, FFL ( I ), FFL (2), FFL (3), FFL (4)

NT961,AI NL,AIFL(1) ,AIFL(2) ,AIFL(3) ,AIFL(4)

t,IT961, CD, CDD(I ), CDD (2)

NT961, EPNL,EPFL(1),EPF

NT96 1, WQ, WQ,WQ, WQ, WQ

,CDD(3),CDD(4)

L(2),EPFL(3),EPFL(4)

NT961,WT,STTL(I),STTL(2),STTL(3),STTL(4)

NT961,WD,WDL(I),WDL(2),WDL(3),WDL(4)

NT96 I,ABX,SCUL (I),SCUL(2),SCUL(3),SCUL(4)

NT96I,ABX,EDDL(I),EDDL(2),EDDL(3),EDDL(4)

I,WN,WNL(1),WNL(2),WNL(3),WNL(4)

I,FEL,FCUL

19WF_WF,WF

IjTL,TOTL(

I,ABXpPEFF

(1),FCUL(2),FCUL(3),FCUL(4)

,WF _WF

I),TOTL(2),TOTL(3),TOTL(4)

(1),PEFF(2),PEFF(3),PEFF(4)

NT96 |, BNP, BNPL

NT96 1,BSPp BSPL

NT96 1,BY2, BY2L

NT96 1, BY4, BY4L

NT961,BG3,BG3L

rJT96 1, BG2,, BG2L

(1),BNPL(2),BNPL(3)

(1),BSPL(2),BSPL(3)

(1),BY2L(2),BY2L(3)

(I),BY4L(2),BY4L(3)

(1),BG3L(2),BG3L(3)

(1),BG2L(2),BG2L(3)

NT961,FNL,FFL(1),FFL(2),FFL(3)

NT961,AI NL,AIFL(1),AIFL(2),AIFL(3)

NT96 I, CD, CDD(I),CDD(2),CDD(.3)

NT96 I, EPNL, EPFL (I), EPFL (2), EPFL (3)

NT 961, wq, wq, WQ, wq

PRINT961,WT,STTL(1),STTL(2),STTL(3)

PR INT961, WD_,WDL ( I),WDL (2) ,WDL (3)

I

I

I

I

I

I

I

!



I

I

I

I

!

I

I

i

!
I

I

I
I

I

I

I

I

I

I

PR INT96|,ABX,SCUL(I),SCUL(2),SCUL(.3)

PRI NT961,ABX,EDDL(1),EDDL(2),EDDL(.3)

PR INT961,WN,WNL(1),WNL(2),WNL(3)

PR INT961 ,FEL, FCUL( I), FCUL (2), FCUL (3)

PRINT961 _WF,WFpWF,WF

PRINT961,TL,TOTL(1),TOTL(2),TOTL(.3)

PRINT 961, ARX, PEFF (I), PEFF (2), PEFF (.3)

PAUSE

END

49
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PASS 13

D I HENS

977 FORMAT

979 FORMAT

888 FORMAT

I FORHAT

K=I

823

824

ION AI(120)

(FI2°5pF12.5BFI2.5,F12.5,F12o5,F12o5)

(FI2.5,FI2o5pFI2.5,F12°5sFI2oSpF12o5//)

(FIO.OBFIOoOpFIO.OpFIOoOsFIOoOpFIOoO)

(E11o5pE11°5,EI1o5,EII°5_E11o5pE11o5)

READ888,AI (K),AI (K+I),AI (K+2),AI (K+3),AI (K+4),AI (K+5)

K=K+6

IF (K-

READI

READI

READI

READI

READI

READI

READI

LOAD

119)823,824,82_

,GE,SS_SI4_QQ,HSgPX

pASPpANPpHNPpGPpAY2sYH

pA2pA3pG4pAY4pALY_PT

pFRpASpP5sP61P7pGA

,ALCR,Y4pRPM_HCpAAX_GC

_EE_CWsSNLpECgBNEpBNH

pPIpP2p¢3pP4pCPsPSL

=I

YA=.8

PS=IOOOo*P5

P6=1OOO°WP6

P7=IO00°wP7

DO 899 L=1,9

BX=YAWEE

YA=YA+o I

TG=6 oE6*B X/(CW*EC*RPH)

BTT=TG / (SS*SM*Qq)

FQ=TG*CP/PX

BC=FQ/(2oWHC*SS)



I

I
I
I

I
I

I
I

I
I

I

I
I
l

I
I

I

I

801

8O3

8o4

811

810

812

BG=TGIGA

PL71=,OI*TG

TTP:TG+PI.71

X:TTP/TG

BT I=X*BTT

Z=FQ/PX

PPI=X*FQ

BCI=(PP1/FO)*BC

BGI=BG*X

FG=(BGI*GE) 1.0031 9

NA= I

K=I

X=BTI

GO TO 802

FT:AT*HS

NA:I

K=2

X=BC 1

GO TO 802

FC=AT*ALCR

PL7= {FT+FG+FC )*P7* °OO I

IF( I, I*PL71-PLT) 810,811,811

IF (°9*PL71-PI_7) 812,812_81 0

PL71=PI_7

GO TO 801

Z I= (. 002" (FG+FC+FT))* (P 1+P2+P3+P4)

FQ:PPI

Z=FQIPX

Y-Z I/PX÷FQ

51
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805

8O6

82O

821

822

8O7

816

BNP-Y/ANP

BSP=Y/(2o*ASP)

NA=61

K-3

X=BNP

GO T() 802

F NP=HI,IP_AT

NA:3 1

K:4

X:BSP

G(, TO 802

IF (BI,IE-BNH)820p821p820

AXX:PSI./2,,

GO TO 822

AXX:PSI./> o

FSP:AXX*AT

PG2= (F O*P X+Z 1+PL7 )/4,

BG2=PG2/A2

FG2=BG2*GP/o00319

BY4-=PG2/AY4

K=5

NA=61

X=BY4

GO TO 802

FY4=AT*Y4

Z2=2o* (FG+FC+FT)

Z3=Z2+FSP+FG2

PL5 =(Z3+FNP)*P5*oO01

BNP=(((ZI+PL7+PL5)/PX)+FQ)/ANP

I

I

I

I

I

I

I

I

I

l

I

l

I

I

I

I

I

I
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8O8

814

813

815

809

899

802

831

835

833

K=6

NA=61

X=B NP

GO TO 802

F NP=HNP*AT

PL51 = {Z3+F NP )*PS* •OO1

IF (IoI*PL5-PL51 )813,814,814

IF(og*PL5-PL51 )815,815,813

PL5=PL51

GO TO 816

BG3= (FO*PX+(Z|+PLT+PL5)) / (4o*A3)

FG3=BG3e.G4/o 0031 9

PL6= (Z 2+F SP+F NP+FY4+FG3)*P6* oOO I

BG2= (F O*P X+Z I+PLT+PL6 )/ (4 o*A2 )

FG2=BG2*GP/.0031 9

BY 2= (F Q*P X+Z 1+P L7+PL5 ) / (4 o*AY2 )

X=BY2

K=7

NA=.91

GO TO 802.

FY2=YH*AT/3 °

F NL--Z 2+F NP+FSP+FG 2+FY 2+FG3+FY4.

PRI NT977_BXpBG1jBG2,BG3_BCl,BT1

PRI NT97 9p BY2p BSPp BNP, BY4._ FQpFNL

PAUSE

IF (AI (NA)-X)830,831,831

NA= NA+3

IF(AI (NA)-X) 833,834,834

NA=NA+2

53
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b4

GO TO 835

834. A=AI (NA)

BBI=AI (NA-2)

DC=AI (NA+I)

D=AI (NA-t)

XX=(A-BBI)I(,4343*(LOG(DC)-LOG(D+,O001)))

Y:A-X X* o 43 43"L OG (DC)

AT:EXP(2,306*(X-Y)/XX)

GO TO (838,839),LOAD

838 GO TO (803,8049805,806,807,808,809),K

830 GO TO (836_837),LOAD

836 PRINT 850 m

850 FORMAT (17HMACHINE SATURATED)

PAUSE

END
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SUPPLEMENT TO DESIGN MANUAL
FOR PERMEANCE CALCULATIONS

Permeance (P) is the property of a magnetic circuit, or any part of a

circuit, which determines the total flux corresponding to a given mmf

as indicated in the expression -

0 - F P - mmf x permeance

From "Standard Handbook for Electrical Engineers" A. E.

7th edition, McGraw-Hill, Section 4-310.

Knowlton,

Magnetic Permeability (4 is that property of an isotropic medium

which determines under specified conditions, the magnitude relation

between magnetic induction and magnetizing force in the medium

usually expressed -

_B

H

Same reference Section 4-308.

For air t_ : 3.19
Flux Lhle/inch 2

' Ampere Turns/inch

The following forrnulas are from Rote.. s "Electromagnetic D " "evlces .
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Parallel planes of infinite extent I

/I /_, I

'I , rl_ --

os °S

I

_:_,_ I
where _,-- area

._ - length of flux path I

I

I

NoN- PA_LLEL Pt.ANS_ oF INFINtTE E_.'t'ENT I
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Special formulas for use Ln estimating pern-lemlces of flux paths.

SEMI- CLRCU_ CYLINDRICAL VOLUME

I
I

I

I
I

I

Mean length of flux line has been found by graphical measurement to be

1.22 g.

Mean area of flux path found by dividLng the entire volume by mean

length of flux path is,

I
I
I

Mean area ": Y/'g2_-px 1 = 0.322 g,_p

8 1.22 g

p : }__: O. 322 u, g,_p: o. 26 u, _tp1.22 g



HALF ANNULUS

WAS ¢H_M_E_

I

I

I

I
I

I

Assume the mean length of the flux path to be ?r(g-_t) and the average area

of the path to be t_ then I
p _ ua_ 2.u.t_p -0.64 u.,_p

E_

%4... _< 3t P: _ In (lt 2t)
-IT a

SPI-IERICA L QUADRANT

LOCUS OF MF.AN FLUX LINE5

' /Z / ,,

!, ' ,6_,_.

t " , ' '.7.,.
. , _ , s

_/_.----_

I
1
I

I



By graphical measurement, /he mean flux lh_e is I. 3 g. Volume of

quadrant is 1/3 7_(-_-)3 , hence mean area of flux path is -

5

1.3g

and the permeance is

p_- 0. I g2 u_ -- 0. 077 ttg
1.3g

QUADRANT OF SPHERICAL SHELL

A

A

_U5 QF MeA_

S
FLU X U_(ES

Mean length of flux path is _ (t t g)
- 2

Maximum area of flux path is -

2

Y/'(2g--+t ) Trg 2 -

4 16
77" (t 2 t tg)
4

Average area of path is considered to be -

rr ±(t,g) and P -_i,a . u, 8 t (t _- g) _ t_t
T i- -- -a-



Right prism and plane of h_finite extent parallel to end of prism.

/

/

Simplified flux paths are designated 1, 2, 3, 4.

Path 1 --- This path is 1/2 of the semi-circular cylinder so permeance

is twice as great.

P -- 0.52 Kg.

Path 2 --- This path is one half of a half annulus so permeance is

twice as great.

when g <: 3 t

Tr g-

Path 3 --- This path is i/2 of a spherical quadrant

P = 0.15_ u_g

Path 4 --- This path is 1,/2 quadrant cf a spherical shell

P -- 0.5 u,t

I
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THE TWO-COIL_ OUTSIDE-COIL LUNDELL GENERATOR

The two-coil, outside-coil Lundell generator is no younger than 67

years old and may be a little older than that. Around 1900, the type

of generator illustrated by the Rice patent of 1897 was built by at

least the Stanley Manufacturing Company in large ratings. These

machines were driven by steam engines in central station power plants.

Though the two-coil, outside-coil Lundell generator is used in Russia

and Germany in railway service, it was obsoleted for most uses by

the wound-rotor generators. It is now again of interest for applica-

tions that cannot be satisfied by the wound-pole machines.

The rotor of this generator is short and can be made as a solid weld-

ment for maximum strength and stiffness. Laminating the pole sur-

faces would be difficult and the limit to the output of most designs of

this machine will be due to pole-face heating.

Because of the promise of this generator configuration, this study in-

cludes building and testing one machine to check the accuracy of the

design manual.

The design parameters of the machine and the tests on it will be re-

ported in the final report.

!



The two-coil Lundell generators treated here have three possible coil

locations but all three are calculated by the same design formulae.

The difference between the designs is in the leakage permeance paths

from the stator to the housing.

Design C shown on the following sheet has the largest leakage permeance

from stator to housing but is sometimes used because it has the lowest

overall length and can be used with a shorter stiffer rotor when gas

bearings are necessary.

The leakage flux, _7 in the symmetrical, two-coil Lundell generator,

leaks from the core area of the stator through the field coils to the

yoke, end-bells, flux shoes, and to the rotor. This flux does not

cross the main air gap. The leakage flux into the stator from one

side is equal to the leakage flux out of the stator on the other side.

This flux does not add to the stator saturation by a significant amount.

The leakage fluxes and the main stator flux cross at right angles and

add vectorially.
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The design manual has been arranged as a computer program and

the sequence of calculations results from storage limitations of

the smaller computers (1620).

A number is assigned to a symbol and maintained throughout all of

the manuals presented in this Quarterly Report. Where the symbol

is not used in a particular manual, the symbol and corresponding

number axe omitted entirely from the manual.

The symbol number in brackets wherever found means the symbol

and not the value of the number itself. Numbers without brackets

are numerical values.

A symbol list with corresponding design manual calculation numbers,

Fortran program symbols and the definition of the symbols is given

at the beginning of the manual.

The design equations in the manual are written with symbols and are

repeated with the bracketed numbers that locate the symbol definition

in the symbol list.

Following the design equations, the Fortran program is published

with the same identifying equation numbers found in the design

manual.

I
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North pole disc 1

Field coil, f-_Sfotor winding /
field coil

I South pole disc externally energized

Output phaseI

Reversing flux field produces alternating current in a coil without commutator

or slip rings. Polarity of the field passing through any stator winding changes in

response to the armature pole that is momentarily adjacent to it. Armature is

composed of two discs with interlocking poles--all north on one disc and all

south on the other. Stationary field windings are inside the ends of the stator

windings. There is no moving armature winding. Principle used in a railroad

coach alternator by Siemens-Schuckertwerke, Erlangen, Germany.



Two-Outside- Coil Lundell

The two-outside coil Lundell has a symmetrical flux circuit. The _ poles

are identical and leakage conditions on both sides of the stator are

the same.

The flux circuit look s like this:

Fp
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The flux leakage paths are simplified slightly for ease in calculating

by assuming that the Fg 2 is negligible and that Fy 2 _ Fy

are also negligible.

1

t
..,,4----

-,,I,--

- F-c
t
_F_z

t

Now there are only two leakage paths: (1) From pole-to-pole and

(2) Around the field coil.
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VALUES OF Kdn FOR INTEGRAL-SLOT, 3_ WINDINGS - TABLE 2
I

h. J('Jn- HAKMoNic DIsl'R08ut'_o_/ _.4CToR_

2. 3 4- S _ 7 g io

I

3

5

7

?

.9d;6

.7o7

• 2s9

-. _$9

- .707

.q_o

•667

.217

- .177

-. 333

. q_8

• 2o_"

- .is8

- • 270

.qS7

.(_4_

• 20o

- . 14el

--. 2q7

.qs?

• 694

• I¢1

-, 145

-. 27(,

.9S7

.64Z

• 19'5"

- .143

.q_

• 691

• Iq4

- . 141

--. 2Z_

• 640

• If4

-. 140

- .2.2Z

•9u5

•639

.flS'5"

.6_6

,193 .191

-.14o -.t36

- .2ZO - .Z_

II -.966 - .I'/7 - .la6 - .11o -.Ioz -.o9; -.of3 -.o9z -.o87
,,i

! 3 - .q66 .217 ./26 . Io2 . oqz .086 .0@3 . Ogl .079 .o'/3

15" - . ?07 ,667 .270 . Zoo .172 .158 : • IS'O .145 .141 ,12, 7

.%0

• 6/,7

.Ze7

- . 1_77

. o8_

- • 084.

- .17zl

- . OqZ

• 102.

-. zsq

• 2_'q

.707

.966

,966

.075.

- .072.

-. 143

-, o7z

.07_

• IS8

- . zoff

- .6S_c

- . 9,.r8

- . qs8

, .070

- .o6_

-. Iz7

-. 063

• 065

1"7

Ict

23

2S

' +_ .066

_- .o6z

- , 018

- . 057

•OS(,

•/oz

- . t(o

- . 247

.064.

-.. 060

- .ItZ

-. OS¢

• 05z

•/Ol

- ./4_i

• 200

.o_

- .05"9

- . o9/

- .o_t

27 .707 - .3_3 - .g._F . _;¢6 , z_l_ . IS'a • IZ7 ,Itt

2c_ ,2F9 - . 177 - . 2o_ ,957 ,/45 .0#6 .066 ,0_6 .oso .o_3

31 - ,Zs9 . 2t7 . ts8 .9'5"7 - . Iq7 _. 097 - 070 - .os7 - ,o5"o - .o31

.o3#

• o71

I
I

33

3s"

37

39

41

43

4S

47

4q

53

5S

57

Sq

6s-

- .7o_

- .966

-. 966

- . 707

-. zs9
• zsq

.7o7

.q_6

.707

.zs9

- , Z;_

- .7o7

-. q66

-. q66

- . 707

-, 2S9

•667 .270

.96o - ._26

• _g7 -. 270

• Z_7 - . tS8

- . t77 .2o_"

-. 3_3 .654

-. 177 ._58

.217 .958
• "i

• 960 . ;zo_

,960 - ,o_8

• 647 -. ZTo

.2t7 - . IZ6

- • 177 . tz(_

-. 333 . Z7O

- . 177 , I-,=8

• 696

• 200

- .tq9

-. 247

- ./qO

• IoZ

• Zoo

.IoZ

- .110

-. 2_7

--. I¢9

• 2o0

.q$7

._7

• 6_6

•. 20o

- ,6¢4

- . _7

-, 957

-. 6¢9

- •197

• 14_

.as6

• 107..

- . ogz

- ._7z

-. 084

.O84.

• 17z

•oqz

-- .ioZ

-. :z_6

-. t'Fs

-. zz9

-, 193

• 195

• &4Z

•9_7

•9s7

•69z

• tq_

-. 143

- . zzq

- . o97

• 1,98

• O7S

-. 07Z

- .15"0

-. o8_

.oq_

.ZZS"

,141

- . tq4

-. 956

- .qs6

- . 19#

• 141

• Zz_

•oq_

- ,oO.]

-. 150

- .070

-. _18

- .O6Z

• o6_

• oSt

- .Oq3

- ,2ZZ

--. Iqo

• 194

• 640

,qs_

. qss

.64o

,194i

- . 14o

- . 222.

- .093

--. IOl

- .0_

.OS¢

.112

- .0_;o

- .06#

- ./4_

- _079

.oqz

• 220

• 140

-. 63cl

- .9_s

- .q5"$

- .6_9

- . tq3

- . 027

• oZ6

, oqq

• OZ_

--, oz_.

- .o_2

- . ozo

• otq

• o_8

.o/8

- .o_7

- .o_3

-. 016

• o3o'
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35" .oo56 .OOOOZ,_6
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Z7 • Of Hz. .0ool58

26 .O,5q .ooo,qq

25" . o,'Tq .O0ozsz

2H . ozot .0oo3,7

2.3 .ozz6 .000_o1

_ 27. .025H .000so7

2.1 .028S • 000638
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TABLE 3

q2_ . oo5(_ .oo6o .07_'7
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266

210

165

131t

_06

.007O

• o07q

•0088

• ooq7

• 01o8

.012Z

.0135.

•0152

.ol6q

.0190

• o213

83.!

66.q

52.6

• oo66

• O07q

•ooSq

• ooq4

• 01oq

.o116

.0,30
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.0161

.0,7q

.0200
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•OIqZ
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• 0t86
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WO OR
_tNGII_COIL OUTSIDE COIL LUNDELL

MODEL

(2) KVA GENERATOR KVA .

(3) E LINE VOLTS

(4) Eph PHASE VOLTS

(5) m PHASES

(5a) f FREQUENCY

(6) p POLES

(7) RPM RPM

(8) Iph PHASE CURRENT

(9) PF POWER FACTOR

(90) Kc t ADJ. FACTOR

ill01 l Poi.T
!_:111 Id !STATOR I.D.
......... !

'_ D i STATOR O.D.

(,2)lh;<{!

P! (22) h_

(22) h 3

(22) hs

(22) ht

(22) h w

(231 Q

(28)

(29)

(30) ns

(31) y

(32) c
O

Z (33)

Z (34) Ns t

"+
O
p. (39) I

< _e2
(35) dr,
(36)

(37) h=t

(38) h 'st

(+za)
(40) _%k

(s0) t x oc

DESIGN NO(I)

RATIO MAX TO MIN OF FUND

WINDING CONSTANT

POLE CONSTANT

END EXTENSION ONE TURN

DEMAGNETIZATION FACTOR

PoLE I..EN<'_I"H

SLOT WIDTH

SLOT DEPTH

[
I

........ f

(71) C1

(72) Cw

(73) Cp

(48) LE

(74) Cm

(75) CcI
(77) <_

:(76) b_ L

(76) bp- L

(76) _Pl

(76) "_r..pz

(7 _ILe

.... ...........

I

NO. OF SLOTS

TYPE OF WDG.

........ ] FLD. COND. DiA. OR WIDTH i (,i'_8)

.... I-............... _ r _ c
+ FLD. COND. rH.....NES +_i_9)

FLD. TEMP IN =C

RESISTIVITY OF FIELDCOND_°.2C P

NO LOAD SAT. (8"7)

FRICTION & WINDAGE _,llB_ (F&W1

_T_TOILtJ_ M,'vIT=RtCt_. (18)
TYPE OF COIL

CONDUCTORS/SLOT

SLOTS SPANNED

PARALLEL CIRCUITS

STRAND DIA. OR WIDTH

STRANDS/CONDUCTOR IN DEPTH

STRANDS/CONDUCTOR

STATOR STRAND T'KNS.

DIA. OF PIN

COiL EXT. STR. PORT

UNINS. STRD. HT.
,.

DIST. BTWN. C L OF STD. t

i PHASE _BELT A_r_LF..

STATOR SLOT SKEW

STATOR TEMP °C

RES'TVY STA. COND.@20 ° C

LI;N_I"H OF clfiP (jlz)

Auz ILIAIL_Y AIR _AP

DAMPER SLOT

POLL_

REMARKS

h



i Two oR'L_I.NGLE_COIL OUTglDE COll. L.UNDEI.L
SUMMARY OF DESIGN CALCULATIONS (OUTPUT)

MODEL NO. EWO DESIGN NO.

I (17) (-is) SOLID CORE LENGTH
(24) (h c) DEPTH BELOW SLOT

(26) (7"s) SLOT PITCH

I (27) (Tsl/3) SLOT PITCH I/3 DIST. UP
(42) (Ksk) SKEW FACTOR

(43) (K4) DIST. FACTOR

I (44) (Kp) PITCH FACTORn, (45) life) EFF• CONDUCTORS

_O (46) _c) COND. AREA

i _ (47) (Ss)(49) (_t)

(53) (Rph)

CURRENT DENSITY (STA.)

I/2 M_ANTURN
COLD:STA. RES. @20 ° C

(54) (Rph) HOT )TA, RES. _°C

m (55) (EFto p) EDDY FACTOR T(_P

(56) (EFbgt) EDDY FACTOR BOT

(62) (Ai_ STATOR COND. PERM.

I (63) _(___ END PERM.(6-%--( } WT. OF STA COPPER

_- _Lm_ WT. OF STA IRON ,, i

.(___]_ ) POLE PITCH

=__-_/___ OF_._.,/_ -) __ WT ROTOR IRON _,,

(_5)(V_,_..._ PERIPHERAL SPEED

"_---"i _i:.:_¢3_L_j _ FLD COND. AREA

I co o, o
' _,._.,. t WT OF FLD COPP_jR

I I _I_') (p,_. PERI_ OF 1LEAIKA(aE P_TH •

)

• fUBO)(F-_)l SHORT ClR Hi

I (.}_) (SCR SHORT AiI_,RAT_O

' PEI_CENT LOAD 0
I

I|_I.) (I,OO) ,L_KA(_f

(.BiI'_'_ {IZZ._AUX _AP ItlHW

• (e_')O='-.).ous,,_(_._Ns,y

._C--) (i,)_i)eDDY Loss•

•(F_w)(_S_)F,lwLo_s
I (--) (19_)I"OT_L. IOISIS

................. \,

CARTER COEFFICIENT

EFFECTIVE AIR GAP

RATIO MAX TO FUND.

(67) (K=t

169) (g e)

(71) (Cl)

WINDING CONST• (72) (Cw)

POLE. CON.%T. (73) (Cp)

END• EXT. ONE TURN (48) (LE)

DEMAGNETIZING FACTOR

CROSS MAGNETIZING FCTR

AMP COND/IN

REACTANCE FACTOR

LEAKAGE REACTANCE

REACTANCE D!RECT AXIS

REACTANCE QUAD AX!S

SYN REACT DIRECI AXIS

SYN REACT QUAD AXIS

FIELD LEAKAGE REACT

(74) (CM)

(751Ic_ I
b?-_)(A)

FIELD SELF INDUCTANCE

IUNSAT. TRANS. REACT

SAT. TRANS. REACT

(1_'_)(x)
(t_o) (x/.)

l(,_,z)(xor)
]053) (xa)

(I_,,)(_)
(,_)(x,,_)

I(161) (L_)

(I_)(x'a.)
(ff,-_)(x'a)

SU _.,TRANS REAC'T DIRECT AX....,(_(w_)(X_)

SUB.TRANSREACTQUADAX. i(|&9) (X_.)

NEG SEQUENCE REACT Jill) (x_)
ZERO SEQUENCE REACT I(l_ (X(,)

OPEN CIR. TIME :C-ONS-T._- __?___.(.._._'

ARM TIME CONST.

TRANS TIME CONST.

SUB TRAN TIME CONST.

TOTAL FLUX

FLUX PER POLE

GAP DENSITY (I,_._,_'_

TOOTH DENSITY

CORE DENSITY

TOOTH AMPERE TURNS

CORE AMPERE TURNS

J .GAP AMP_ERE TURNS (_A_W)

100 150 2 00

I (179JL(T'd)

I(9o)(M..')

i(.)
(I_,

(_) (B:)
I(--) (el)

I(_,) (F_)
OPTIOI_
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I
TWO oR 1

$1NGLEJCOIL OUTSIDE COIL LUNDELL

NO LOAD sATuRATION OUTPUT SHEET

I
I

, VOLT5 \

90_

Io0_

110_

tzoYo

t3o_

Izt07o

(3) c_ )
VOLT.S

(io0) _9
LE_ICA6E FLU

(90 B,_
STA. TOOTHl_lSlr/

r-tOTALR.UX/POLE

$1"A, TIX)'n{ N[

(ge) B_.

STA, CORE Wd_lslr/

I.

Sl-A. CoRE N,I MA,N GA_ _ISl|

Ozl) FNc

-_Oq-AL N.I.

I

150_;

160_

003) Bp
PoLe D_-NS ITy

(iz5) Byz_

I_NO I_EI..JI_ li_EN.51r)

(iz_,a) By

Hous fM6 PENSet_
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I

I



l
SINGLE )

OR )
I TWO COIL )

I Calculation Electrical Fortran

Number Symbol Symbol

I A,,

I (128) A A

(46) ac AC

i (153) acf AS

I (70) Ag 2 A2

(124) Ay 2 AY2

I (79) ap AP

(20) B BK

I
(22) b o BO

I (94) Bc, BCI

I (76) bpl BP1

(76) bp2 BP2

I (95) Sg, BGI

I (122) Bg2 BG2

(224) Bg2F L BG2L

I (58) b t

I (57a) bt 1/3 SM

I (91) BT, BTI

(57) btm TM

I

OUTSIDE COIL LUNDELL

Explanation

Ampere conductors per inch

Conductor area of stator winding

Conduct or area of field coil

Auxiliary air gap (g2) area

Cross sectional area of coil yoke

Pole area

Density

Width of stator slot opening

Stator core density N. L.

Width of pole at end of stator stack

Width of pole at end of statoc stack

Main air gap density (N. L. )

Auxiliary gap (g2) density (

Density in auxiliary gap (g2) (F. L. )

Tooth width at stator I. D.

Stator tooth width 1/3 distance

from narrowest end

Stator tooth density (N. L.)

Stator tooth width 1/2 distance

from narrowest end



Calculation
Number

(126a)

(229b)

(228)

(15)

(125)

(32)

(71)

(74)

(73)

(75)

(72)

(12)

(11)

(35)

(11a)

(78)

(78)

Electrical

Symbol

By

ByL

By2L

bv

b2

C

C1

Fortran

Symbol

BY

BYL

BYZt-

BV

BY2

C,c

C

C1

CM

Cp

Cq

CW

D

d

db

dr

dg2

dy2

D,d

CM

CP

CQ

CW

DU

DI

DB

DR

b_z

I)Ya

Explanation

Density in the housing section of

yoke

Flux density in housing section of

yoke

Density in end bell section of yoke

Radial duct width

Coil yoke density

Parallel paths

Ratio of maximum fundamental of

field form to the actual maximum

of the field form

Demagnetizing factor

Pole con stant

Cross magnetizing factor

Winding constant

Stator lamination outside diameter

Stator lamination inside diameter

Diameter of bender pin

Outside rotor diameter

Rotor diameter at auxiliary air gap

Diameter of yoke (end bell section)

at narrowest section

I

I

I

I
I

I
I

I
I

I
I

I
I

I

I
I

I

I

I



I

I

I

i

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation

Numb e r

(3)

(55)

(56)

(238)

(1275)

(4)

(5a)

(98)

(236)

(96)

(123)

(225)

,:127)

(104)

(126b)

(180)

(97)

(183)

(126)

Electrical

Symbol

E,e

E

E FTO p

E FBO T

EFFL

EFNL

EpH

f

Fc,

FFL

Fg,

Fg2

Fg2 FL

FNL

Fp

FSC

FT,

F&W

Fy2

Fortran

Symbol

EE

ET

EB

EPFL

EPNL

EP

F,_

F

FC

FFL

FG

FG2

FG2 L

FNL

FP

FY

FSC

FT

WF

FY2

Explanation

Line volts

Eddy factor top

Eddy factor bottom

Full load field volts

No load field volts

Phase volts

Frequency

N. L. stator core ampere turns

Total full load ampere turns

N. L. main gap ampere turns

N. L. gap (g2) ampere turns

F. L. gap (g2) ampere turns

Total no load ampere turns

Pole ampere turns

Ampere turn drop in housing

section of yoke

Short circuit ampere turns

N. L. stator tooth ampere turns

Friction and windage

N. L. coil yoke ampere turns



Calculation
Number

(229c)

(229)

(59)

(59a)

(69)

(24)

(38)

(39)

(237)

(127a)

(8)

(182)

(241)

(194)

(245)

Electrical

Symbol

FyL

Fy2 L

g

g2

ge

hc

T

hST

hsT

IFFL

IFNL

Iptt

I2RF

I2RF

I2RL

Fortran

Symbol

FYL

FYZL

G,g

GC

GZ

GE

H,_

HC

SD

SH

I,i

AIFL

AINL

PI

FEL

?CUL

PS

5CUL

Explanation

Ampere turn drop in housing section I

of yoke
!

Ampere turn drop in end bell section

of yoke
!

Main air gap

Auxiliary air gap

Effective main gap

Depth below slot

Distance between center line of

strand in depth

Stator coil strand thickness

(largest dimension)

F. L. field current

N. L. field current

Phase current

N. L. field coil loss

F. L. coil copper loss

N. L. stator copper loss

F. L. stator copper loss



I

I

l
I

i

I
I

I
I

I
I

I
I
I

I
I

I

I

I

Calculation

Number

(19)

(9a)

(43)

(63)

(16)

(44)

(67)

(42)

(2)

(61)

(13)

(80)

(80)

(82)

(48)

(36)

(161)

(78)

Electrical Fortran

Symbol _ymbol

k WL

K c CK

K d DF

K e EK

Ki SF

Kp CF

Ks CC

gSK FS

KVA VA

K X FF

L, 1

_. CL

_1 ALl

_2 At2

_-3 Arz

LE EL

_e2 CE

L F SI

_g2 ALG?-.

Explanation

Watts/lb core loss

Adjustment factor

Distribution factor

Leakage reactive factor

Stacking factor

Pitch factor

Carter coefficient

Skew factor

Generator rating

Factor to account for difference

in phase current in coil sides in
same slot,

Gross core length (stator)

Length of leakage path 1

Length of leakage path 2

Length of leakage path 3

Stator coil and extension length

Coil extension beyond core

Field inductance

Horizontal length of (g2) air gap



Calculation
Number

(78)

(78)

(145)

(185)

(186)

(243)

(242)

(184)

(129)

(131)

(132)

(133)

(167)

(168)

(166)

(160)

Electrical

Symbol

ty

ty2

V r

W C

WNPL

WpFL

WTFL

WTNL

X

Xad

Xaq

xd

T

Xd
V_

xd

T

X F

Fortran

Symbol

TY

TYZ

V

VR

W_ w

WQ

WN

WNL

WTFL

WT

X,x

XR

XD

XQ

XA

XS

XX

XU

XF

Explanation

Thickness of housing section of

yoke

Thickness of end bell section of

yoke

Peripheral speed

Stator core loss

N. L. pole face loss

F. L. pole face loss

F. L. stator teeth loss

N. L. stator teeth loss

Reactance factor

Reactance direct axis

Reactance quadrature axis

Synchronous reactance - direct
axis

Saturated transient reactance

Subtransient reactance direct

axis

Unsaturated transient reactance

Effective field leakage reactance

I

I

I
I

I
I
I

I
I

I
I
I

I

I

I
I

I

I

I



I

I

I Calculation Electrical FortranNumbe r Symbol Symbol

I (76) _p ALP

(17) J s ss

| (49) J{t HM

I (147) _ tf FE

(78) ]_y ALY

I M_ m

I (5) m PN

N,n

I (I46a) Nco ¢0$ L$

I (146) N F PT

(45) ne EC

I_ (30) n s SC

I (34) NST SN

?

(34a) NST SN1

(14) nv HV

(6) p PX

I (9) PF PF

I (80) P1 P1

(81) P2 P2I
(82) ]?3 P3

I

Explanation

Length of pole

Solid core length

1/2 mean turn (stator coil)

1/2 mean turn of field coil

Length of housing yoke

No. of phases

Number of field coils

Field turns per coil

Effective conductors

Conductors per slot

Strands per conductor in depth

Strands per conductor (total)

Radial ducts

No, of poles

Power factor

Pole head end leakage permeance

Pole head side leakage permeance

Pole body end leakage permeance



Calculation
Number

Electrical
Symbol

Fortran

Symbol

(83) P4 P4

(84) P5 P5

(86) P7 P7

Q,q

(23) Q QQ

(25) q QN

R,r

(154) Rf (cold) FK

(155) Rf (hot) FR

(7) RPM RPM

(53) RSPH (cold) RG

(54) RRPH (hot) RP

s,_

(181) SCR SCR

(127c) S F CD

(47) S S S

W,t

(177) Wa TA

T

(178) T d T5

T

(176) Wdo TC

Explanation

Pole body side leakage permeance

Coil leakage to north pole permeance

Stator core to rotor skirt leakage

permeance

No. of slots

Slots per pole per phase

Cold field resistance at 20 oc

Hot field resistance at X oc

Revolutions per minute

Stator resistance per phase at 20 oc

Stator resistance per phase at X oc

Short circuit ratio

Current density in field conductor

Current density in stator conductor

Armature time constant

Transient time constant

Open circuit time constant

I

l
I

I

I
I

I

I
I

i

I

I
I

i
I

i

I

I

I



I

I

I

I

I

I

I

I

I

I

i

I

I

I

I

I

I

I

I

Calculation

Number

(150)

(130)

(169)

(134)

(5o)

(17o)

(172)

(31)

(108)

(221)

(100)

(118)

(99)

(226)

(207)

(92)

Electrical

Symbol

xf°c

X

Xq

X
q

X s °C

X2

Xo

Fortran

Symbol

T2

XL

XY

XB

TI

XN

XO

Y

Og2

(Zig2L

¢ 5L

07L

Op

Y, Y

0

YY

I_?-

F%?-L

PL

PL5

PL7

PL5 L

PLTL

Explanation

Expected field temperature at full

load

Leakage reactance

Subtransient reactance quadrature
axis

Synchronous reactance quadrature
axis

Stator expected temperature at F. L.

Negative sequence reactance

Zero sequence reactance

Throw or coil span

Flux crossing auxiliary gap N.

Flux crossing auxiliary gap F.

_'OTOR LEAKAGE FLUX.

N. L. leakage flux in Path 5

N. L. leakage flux in Path 7

F. L. leakage flux in Path 5

F. L. leakage flux in Path 7

Flux per pole N. L.



Calculation Electrical Fortran

Number Symbol Symbol

(213) OpL IVQL

(102) OpT PLT

(88) 0T TG

(227) 0 y2 L _ ZL

(41) _"p TP

(26) _s TS

(40) _"SK SK

(27) _S 1/3 IT

(64) /_E EW

(62) Ai PC

)f
(isi) )Of RR

(152)

(51)

(77)

_gf (hot)

)s RS

cK

c_ PE

Explanation

Flux per pole F. L.

Total flux per pole

Total flux N. L.

Flux in end bell section of yoke

under load

Pole pitch

Stator slot pitch

Stator slot skew

Stator slot pitch 1/3 distance

from narrowest section of tooth

End winding permeance

Conductor permeance

Resistivity of field conductor at
20 oc

Resistivity of field conductor at

expected temperature at F. L.

Resistivity of stator winding at
20 oc

Pole embrace

I

I
I

!

I

I
I

I
I

I
I

I

I

I
I

I

i

I

I



!

I

i

I

I

I

I

I

I

I

I

I

I

r

(1)

(2)

(3)

(4)

(5)

(5a)

(6)

(7)

(5)

(9)

(9a)

(10)

KVA

E

EpH

m

P

RPM

IpH

P.F.

K c

TWO-COIL, OUTSIDE COIL LUNDELL

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

Y
PHASE VOLTS - For 3 phase, _connected generator

(Line VoRs) _ (3)

EpH = _..

For 3 phase, _connected generator

EpH = (Line VoRs) = (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unR

ADJUSTMENT FACTOR .- When P.F. = 0. to. 95 set K
c

whenP. F. =.95to 1. setK= 1.05

=1.;

LOAD POINTS - The computer program is set up to have the

0. %, 100%, 150%, 200% load points as standard out-

puts. There is an additional space available on the

output sheet for one optional load point. This optional
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(11)

(lla)

(12)

(13)

(14)

(15)

(16)

d

nv i

by

Ki

load point will be the designer's choice and can

be selected anywhere in the range of 0 to 200%

load. When an optional load calculation is re-

quired, insert the per unit load value on the in-

put sheet. The optional load point will be cal-

culated in addition to the standard points listed

above. For example, insert . 33 on the input

sheet when the optional load calculation for 33%

load is required in addition to the standard

points i _+

If only the standard points are required, insert

O. 0 on the input sheet and the optional load column

will be blank.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches.

ROTOR O.D.- The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing in inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, the burrs due t_

slotting, and the deviations in flatness. Approxi-

mate values of Ki are given in Table IV.

1

I

I

I

I

1

I

I
I
I
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I
I

I
I

I

I
I

I

I

07)

(18)

£

3

THICKNESS OF

LAMINATIONS

(INCHES) GAGE Ki

•014 29 0.92

•018 26 0.93

•025 24 0.95

•028 23 0.97

•063 -- 0.98

•125 -- 0.99

TABLE IV

SOLID CORE LENGTH- The solid length is the gross length

times the stacking factor• If ventilating ducts are

used, their length must be subtracted from the

gross length also.

_S = (Ki)[(_)- (nv)(by) _ - (16) i(13)- (14)(15)]

MATERIAL- This input is used in selecting the proper mag-

netization curves for stator;

yoke; _ pole; when dif-

ferent materials are used. Separate spaces are"

provided on the input sheet for each section men-

tioned above. Where curves are available on card

decks, used the proper identifying code. Where

card decks are .not available submit data in the

following manner:

The magnetization curve must be available on semi-

log paper. Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density. Re-

cord the coordinates of tl{e points where the



--- 4-

(19)

(20)

k

B

=1=,4

o
oP,4

U3

6O

5O

4O

3O

2O

10

0

I

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

Straight Line
Segment

Max.
Point

_rsection of

Lraight Line
Segments

3
4
5

8 ¸

Sample

Input Data [
Density NI

55 Max. _
0 0

10 i.5
27 i. 9 r
32 2.5 |
40 4.9
48 9.0

55 i2.0 ai

Straight Line
Segment

Ampere Turns Per Inch

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density used

in Item (19) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in 2..
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I
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(21)

(22)

(23)

I

(24)

I

2

3

4

5

bo!

bll

b2i

b3

bs

ho

hi

h2

h3

hs

ht

hwi

Q

h C

TYPE OF STATOR SLOT - Refer to Figure I, Page

for type of slot.

For (a) slot use I. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DIMENSIONS - Given in inches per Figure I,

Page . Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

Fo _ "I""I P F., ('C ") SLoT

b, : (b,), _,_______-_ czz) ,(z t)
Z,. 7--

STATOR SLOTS - Number of.

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.
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(25) q

(26) Ts

(27) Tsl/3

(28) --

(29) --

Due to mechanical strength reasons, h c should

never be less than 70% of hs.

2 2

SLOTS PER POLE PER PHASE

= (Q) =(__q (_ •

STATOR SLOT PITCH

Ts : rF(d)=Q

STATOR SLOT PITCH - 1/3 distance up from narrowest sec-

tion. For slot (a), (b_ (c), and (e)

(Q) (23)

For slot (d)

WE(d) + 2(h0)+ I.32(bs)]=

(_

+ 2(22)+1.32m2}]
(23)

TYPE OF WINDING -Record whether the connection is "wye"

of "delta". For "wye" corm use 1. for input. For

"delta" use 0. for input.

TYPE OF COIL -Record whether random wound or formed

coils are used. For random wound coils use 0.

for input. For formed coils use I."for input.
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I

(30) !I
I

!
I
I

!

!

i

I

I

I

!

I
!

!
(31) ,

{

i
I
I
i

' ,,31a) I

!

I

, i

(32)

(33)

(34)

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80_o. Where space factor is the

percent of the total slot area that is available for

insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For ey_ample, with a

coil side in slot i and the other coil side h_ slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole

pitch. This value must be between 1.0 and Q. 5 to

satisfy the limits of this program.

= (¥) _ (31)
(m) (q) (-5) ,.25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR "WIDTH -

strand diameter.

In inches. For round wire, use

For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For

!
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(34a)

(35)

(36)

(3_)

(38)

f
N ST

db

,?
Xe2

hST

V

h ST

example, when the space available for one conductor

is .250 width x .250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

I

one strand([

For a more detailed explanation refer to section

titled "Effective Resistance and Eddy Factor" in

lone conducto!

I

I
the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTOR - This number

applies to the strands in depth and/or width and

I

I
is used in calculating the conductor area. Item

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PLN -in inches - This pin is used

in forming coils. Use . 25 inch for stator O.D. Q 8
inches use . 50 inches for stator O.D. _ 8 inches.

COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

I

i
I

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor calculations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF ST_ IN DEPTH

I

I

I

in inches.

I

I
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I

I

I

I

l
I

I
I
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i

I
I

l

I
l

(39) --

(40) [_SK

, (_) ITp

(42) KSK

(42a)

(43) Kd

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

SKEW FACTOR - The skew factor is the ratio of the volt-

age induced in the coils to the voltage that would

be induced if there were no skew.

When TSK = 0, KSK = 1

_( 7SSK)-_

il _'Zu I

PHASE BELT ANGLE - Input

For phase be_ angle = 60° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distritmtion factor is the

ratio of the voltage induced in the coils to the

voltage that tumid be induced if the windings

9
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were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60 ° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Kd =
Sin 30 ° = Sin 30 °

(q) sin _30/(q)J (25)sin_0/(25)3

For 60 ° phase belt angle and (q)/ integer = N/B

reduced to lowest terms.

When (43a) = 1 and (25)/integer = N/B reduced J

to lowest terms

Kd = (N) Sin[30/(N)] = (43) Sin _30/(43)]

For 120 ° phase belt angle and (q) = integer

When (43a) = 120 and (25) = integer

Sin 30 ° Sin 30 °

Kd -"
sin 6o° _ sin 60°

2(q)sin_o/(q)] 2(25)sin[30/(25)]

For 120 ° phase belt angle and q _ integer

When (43a) = 120 and (25)/ integer = N/B re-

duced to lowest terms

Kd = Sin s0o = SinSO(,

2(N) Sin [30/(N)] 2(43) Sin [30/.(43)]

t

I

1

1

I

1

t

I

I

I

I

I

I
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I
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I
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I
I

I
I

I
I
I
I

I
I

I
I

(44)

(45)

(46}

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a fullpRched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

J

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

(Q)("s){ZP)(_SK){23)(30)(44)(42)
n = =

e (C) (32)

CONDUCTOR AREA OF STATOR WINDING in (inches)_ -

The actual area of the conductor taking into account

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

If (39) = 0 then a c = .2571"(Dia) 2 =. 351T'(33) 2

If (39) _ 0 then ac = (N'sT) [(strand width) (strand

depth)-(.858 rc2)_ = (34a)_(33)(39)- (.858rc2 _

where . 858 rc 2 is obtained from Table V below.

(39)

• 050
• 073
• 125
• 165

.75 03) . 751

•OOO134
,,

(33) . 188 .189 (33)

• 000124 .00O124
• 000_. 10 .000124
• 0002 I0 .00084
• 000840 .00084
• 001890 . 00189

-- .00335
-- .00754
-- .03020

• 000134
• 000134

• 003350
.225 .003350

• 00'/540
• 01340
• 03020

.438

.688

TABLE V

11
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(47)

(48)

(49)

(50)

SS

LE

_t

CURRENT DENSITY -Amperes per square inch of stator

conductor

Ss = (IpH) = (8)
(C)(ac) (32)(46)

END EXTENSION LENGTH in inches - Can be an input or

output.

For L E to be output, insert 0. on input sheet.

For LE to be input, calculate per following:

When (29) = 0. then:

L E : .5 + KT7/'(Y)[-(d)+(hsj

q
= "5+[1.7 Ifif (6(6 .- (31) 11)+(22)j

(_3_

When (29} = 1. then:

= + I s

L[Is -bs

=2

1
L/_,6,'- ,_.,,U

1/2 MEAN TURN - The average length of one conductor in

inches.

t = (_) + (LE) = (13) + (44)

STATOR TEMP °C - Input temp at which F.L. losses will

be calculated. No load losses and cold resistance

will be calculated at 20°C.

I

i

I

I

I

I

i

I

I

I

I

I

I

I

I

I

I

I

]
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I

(51)

(52)

(53)

(54)

(55)

/s

tllOt)

RSPH
(cold)

RSPH
(hot)

EF

(top)

13

RESISTMTY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.

D ohm-cir
/ ohm -cm ohm -in mil/ft

1 ohrn-cm =

1 ohm-in =

1 ohm-cir mil/ft =

1.000

2.540

1.662 x 10-7

0.3937

1.000

6.545 x 10 -8

6.015 x 106

1.528 x 107

1.000

TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at Xs°C in micro ohm-

inches

J_8(hot) (4) F'(X's°C) + 234.5--] (51)f('50)+ 234.5]
= t_ 2s45 _!= I__2s4.s.J

STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms

P_PH(cold) = (_s)(ns)(Q)(_t).
(m)(ac)(C)2

x 10-6 - (51)(30)(23)(49)_ j5 _
(5)(46)(32)2

STATOR RESISTANCE/PHASE -Calculated @ X°C in ohms

RsPH(hot ) = (_s hot)(ns)(_Q)(_t) x 10-6(52)(30)(23)(49)

(m)(a c )( C )2 (5)(46)( 32 )2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = I
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(56)

(5_)

EF
(boo

b_m

)(PAo_J

I

3.35 x 10 -3

I

35 x 10 -3

I

I

I

I

EDDY FACTOR BOTTOM - The eddy factor of tile bottom

coil at the expected operating temperature of the

machine. For round wire EF(bot ) = 1

r-- m. 2
I (hst)(ns)(f)(ac)I

EF_O-(EF(t°P)-"e"L__o _ "x°'3

_37)(30)(5a)(46__
-(55)-1.677 _ -j 10-3

I

I

I

l

I

I

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I

btm - (Q) = (23) - (22)

For slot type (c), Figure I

btm =' (Q) - (b3)= (23)
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I
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I
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I

I
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I
I

I

I

I
i

I
I

(57a)

(58)

(59)

(59a)

bt 1/3

g

g2

15

For slot type (c), Figure I

btm 'trOd) 4-Z(hs) ] _ (b3) _
- (Q) (23) -(5

STATOR TOOTH WIDTH 1//3 distance up from .narrowest

section

For slots type (a), (b) and (e)

bt 1/3 = (Ts 1//3) - (bs) = (27) - (22)

For slot type (c)

bt 1/3 = btm = (57)

For slot type (d)

bt 1//3 (_-1//3) 2F(bs ) . (27) - .94 (22) -

TOOTH WIDTH AT STATOR I.D. in inches -

For partially closed slot

)T(d) "_'(11) _ (22)
bt - (Q) - b0 = (23)

For open slot

bt : __ _ bs = Y/'(ll)_ (22)(23)

MAIN AIR GAP in inches

AUXILIARY AIR GAP in inches
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(60)

(61)

C x

_L

REDUCTION FACTOR - Used in calculating conductor permeance

and is dependent on the pitch and distribution factor.

This factor can be obtained from Graph 1 with an as-

sumed K d of . 955 or calculated as shown

I

I

(Kx) I
cx - (Kp)2(Kd)2 = (44)2(43)2

FACTOR TO_CCOUNT FOR DIFFERENCE in phase current in

coil sides in same slot

For 60 ° phase belt winding, ie when (42a) = 60

l"3(y)
K x = V4[( m)(qI + 1]

K X = 1/4 3(31) +
(5)(25) J

(m)lq) - 1 where 1/2 _ (3la) _ 2/3

!
1/At - 1]where 1/2 /" (3la) =<2//3 I

KX= "_5)(25)6(31)J = I

Og Kx = 1/4

For 120° phase belt winding, ie when (42a) = 120

I
where 2/3 <=(y)/(m)(q) _=I.0 |

I
where 2/3 < •= (_la) = 1.o

KX = .75 when 2/3 --<(y)/(m)(q)

KX = .75 when 2/3 _ (3la)

o¢, K x = .0 - 1 where 1/2 -_ <= 2/3

K - 05_24(31) - I " _x - - L(3x25) . where 1/2 = (3la)= 2/3

CONDUCTOR PERMEANCE- The specific permeance for the I

portion of the stator current that is embedded in the 1
iron. This permeance depends upon the configuration |

of the slot. 4
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

i

(I)) For partially closed slots with constant slot width

17

_ - (Cx)_L_"-O] ÷_o)÷_) ÷_- ÷_ ÷16(T,)(g)÷ (_)j

__ ,.(,.,.) (,.,.) (_8)' 3_(_8)7_i = (60) + (22)+ (22) + "_ + + + :

¢c).For partially closed slots ('i:ape,,.-e,_,_,ae_)

20 F(ho)

.,_-(cx)_L_--_

2o _. _.)

_i = (60)(E(gE_}

+(%)+_i) +(_._--_+3-_ +_6(Tj(g)+ (%)j

2(_._.) +_2_2. (__)
+ (_.2)+(:z2)(._{_)_

(58)2 .35(s8)]

+_+ (_.6) j

(d) For round slots

"_'i = (Cx) 62 + -__

-
(e) For open slots with a winding of one conductor per slot

= (=)(,:,j + 9-¢_+ .e+ . +

20 F(22) _ (59) (_.6)]_,,. (eo)__ + + .e+ _-¢_+
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(63)

(64)

(65)

KE

• 1"1=:!

LEAKAGE REACTIVE FACTOR for end turn I

Calculated value (LE)

KE = Value (LE) from Graph 1 (For machines where (11)> 8" I

where L E

=_alculated value of (LE)

KE _Value (LE)from Graph 1

= (48) and abscisa of Graph I = (Y)("_s) = (31)(26) I

(For machines _vhere (11)<8" I

END WINDING PERMEANCE - The specific permeance for the :I

end extension portion of the stator winding I

The2n is obtained from Graph 1.

The symbols used in this (term)do not apply to those I

of this design manual. Reference information for the

symbol origin is included on Graph 1. _-I

WEIGHT OF COPPER - The weight of stator copper in Ibs. I

#'s copper = . 321(ns)(Q)(ac)(J_ t) = • 321(30)(23)(46)(49) I
NOTE: This answer is given in lbs. based on density of

copper. If any other material is used, the answer I

on output sheet can be converted by the designer

multiplying by the ratio of densities.
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I

(66)

(67)

(68)

(69)

(70)

K S

ge

Ag2

19

WEIGHT OF STATOR IRON - in lbs.

#'s iron _. 283 {(btm)(Q) (_s)01s) + "/T'_) - (hc)_ (hc)(_s)_

.283 _57)(23)(17)(22)+T/_E2 ) - (24_ (24)(17)_

CARTER COEFFICIENT

(For open slots)

(26)[_(59)+ (22)-]
(26)_(s9)+(22)-1- (22)2

E'"=_÷-_o_-_o__
(For partially closed slots)

(26) 5. 44(59) +. 75(22)-'1 '

Ks = (26) 5" 44(59) +. 75(22)-'] - (22) 2

MAIN AIR GAP AREA - The area of the gap surface at

the stator bore

Gap Area = _(d)(t)= 7r(11)(13)

EFFECTIVE AIR GAP (MAIN)

ge = (Ks)(g) = (67)(59)

AREA OF AUXILIARY AIR GAP

Ag2 = /T(dg2)(_g2)= _('_)(78_
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(71)

(72)

C 1

Cw

THE RATIO OF MAXIMUM FUNDAMENTAL of the field

form to the actual maximum of the field form -

This term can be an input or output. For C 1

to be output insert 0. on input sheet.

to be input, determine C 1 as follows:

tained from curve #4.

embrace" (oc) - (77).

For pole heads with only one radius, C 1 is ob-

The abscissa is "pole

The graphical flux

plotting method of determining C 1 is explained

in the section titled "Derivations" in the

Appendix.

WINDING CONSTANT - The ratio of the RMS line voItage

for a full pitched winding to that which would

be introduced in all the conductors in series if

the density were uniform and equal to the maxi-

mum value. This value can be an input or

output. For CW to be an output, insert 0. on

input sheet.

as follows:

Cw = (E)(C1)(Kd)

J_" (EpH)(m)

For CW to be an input, calculate

= (3)(71)(43)
J_ (4)(5)

I

I
I

For C 1 I

I

I

I

i

I

i

i

i

I

I

I

i

I

i

t
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I

(73)

{74)

Cp

CM

21

Assuming K d - .955, then C w : .225 C 1 for

three phase delta machines and CW = . 390

C 1 for three phase star machines.

POLE CONSTANT - The ratio of the average to the

maximum value of the field form. This

ratio can be an input or output. For Cp to

be an output, insert 0. on input sheet. For

Cp to be an input, determine as follows:

For pole heads with more than one radius Cp

is calculated from the same field form that

was used to determine CI, and this method is

described in the section titled "Derivations"

in the Appendix. For pole heads with only

one radius Cp is obtained from curve #4.

Note the correction factor at the top of the

curve.

DEMAGNETIZING FACTOR - direct axis - This factor can

be an input or output. For C M to be an out-

put, insert 0. on input sheet. For CM to be

an input, determine as follows:
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(75)

(76)

Cq

C M = =
4 sin_(cc) "ff/2_ 4 sin E(77) _/2_ 1

C M can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This facJ

can be an input or output. For C q to be an output,

sert 0. on input sheet. For Cq to be an input, deter

mine as follows:

Cq =

I/2cos[(77) sinE(77) ]

4 sin[(77) 7T/2-I

I d

VALtP ?(J

CONCE: N TR

PO LE S.

Cq can also be obtained from curve 9.

POLE DIMENSIONS LOCATIONS

I

/

b_r/..-.. WiFI'H _IF POL_. (_ItI:)P. _._11))

bpt - w tov_t OF POLe (.r_,ow eNOs)
(

• pz.: "m:CKNESS OF POl._.(w,oe eNo)

t:pI = 114 I(KMES_ oF pOt.E f_NAi_ROW F_NO)

p : POt-I LENG'nl

FIG P-

}

L
ST ATO I_
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(77a)
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POLE EMBRACE

o< - (bP1) + (bp2) - (76) -i-(76)

2(_-p) (41)2

The next items deal with the calculation of rotor and

stator leakage permeance. A number of

illustrations are included to help identify and

locate the actual path. The computer program

is set up to handle permeance Pl, P2, P3, and

P4 in the following two ways:

i. P1 through P4 can be calculated by the

computer. For this case insert 0. 0 on

the input sheet.

2. Pl through P4 can be calculated by the

designer° For this case insert the actual

calculated value on the input sheet.

Permeance P5 and P7 must be calculated by

the designer and the calculated value must be

inserted on the input sheet. This was done

because of the number of locations possible

for the field coilo
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Permeance calculations P1 through P7 are

all based on the equation P = U.(area)

9.

Where q, = 3. 19

Area = cross-sectional area perpendicular

to

= length of permeance leakage path

Many of the equations used in this section

are taken from Roter's "Electromagnetic

Devices". Refer to the supplement at the

end of this computer design manual for an

explanation of each condition.

I

I

I
I

I

I
I
I
I

I
I
I

I

I
I

I
I

I

I
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I
I

I

I
I

(78) mm ROTOR AND STATOR DIMENSIONS

dg2

: axial length of gap g2

- diameter of yoke (end bell section) at narrowest

section

= rotor diameter at auxiliary air gap

_y - effective length of yoke

i ty2 = thickness of end bell section of yoke

ty - thickness of housing section of yoke

I

I

I

I F_G 3

t ! r-s 
_ _I \/

I CO,LD 1

,
I C ___

, I,

\/
COiL

/\
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(79)

(80)

(80a)

(81)

(81a)

ap

P1

P2

_2

POLE AREA - The effective cross-sectional area of the

pole.

ap : (bp2)(tp2) - (76)(76)

POLE HEAD END LEAKAGE - This can be either 0.i}

or the actual value if available. Refer t_s

I
I

I
Item t_Ta) for explanation.

for location.

3. 19 (bpl)(tpl)P1-

See Figure 4

3.19 (76)(76)
(BOa)

I
I

I
h

)t1 : length of permeance path 1. Must be given _m

input sheet, when P1 : 0.0.

POLE HEAD SIDE LEAKAGE - This input can be either

0. 0 or the actual value if available. Refer

I

I
I

to Item (77a) for explanation.

for location°

See Figure S

P2: 3.19_p)_tP 2) _- (tpl)_}2 =

9"2

3.19_76) _76) ;(76)_

(81a)

LENGTH OF PERMEANCE PATH 2

I

I

I
I

I
_2 : "l"p-I(bpl): (bp2) 1 : (41) - _76)?(76)_ I
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(82)

(82a)

(82b)

(83)

P3

r3

r4

P4
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POLE BODY END LEAKAGE - This input can be either

0. 0 or the actual value if available. Refer to

Item (77_) for explanation. See Figure 6

for location.

The formula for P3 is taken from the supplement at the end

of this computer design manual.

r3 = _1 = (80a) = length of permeance path 1.

r4 = (_1) - (t) _ (80a)-(13)
2 2

POLE BODY SIDE LEAKAGE - This input can be either

0. 0 or the actual value if available. Refer to

Item (77a) for explanation. See Figure 7

for location.

When (6) _ 4

_P4- 3. 19(_p)71. _n _l__t (bP 1) "l-(bp2)_]Z

3. 19(76) __ (76) t" (76)1- "rr Jn + (83) J

Where: Z _p-_bpl); (bp2)]= (41)- f(76) _(76)_
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(84)

(86)

P5

P7

When (6) (_ 4

_'P4 = 3" 19'-tr ('_p) 23"_n _ "l" (bpl) "l-(bp2)](_)

3. 19 (76) 3

- "r/" 2 (76)t (76)]n (83) j

The formula for P4 is taken from the supplement at the

end of this computer design manual.

COIL LEAKAGE PERMEANCE - This permeance must be

calculated by the designer and the calculated

value must be inserted on the input sheet.

Refer to Figure 8 _ 9 which shows the various

location of the coils. The formula to solve

for P5 will depend on the location of the coil.

Use the supplement attached at the end of this

program to find the proper formula.

STATOR TO FRAME AND ROTOR LEAKAGE PERMEANCE

Refer to Figure 8_'9 for location. This per-

meance is actually broken down into three parts

P71 leakage to coil; P72 leakage to shaft; P73

leakage to rotor pole. In this design manual,

the three permeances are added and treated as

a single leakage. The same condition applies
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to P7 as does to P5- The designer must cal-

culate P7 and insert the calculated value on

the input sheet. Refer to supplement for

proper formula.

LEAKAGE PERMEANCE P1
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P2 POLE HEAD SIDE LEAKAGE

P.'

i

I
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I

I
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POLE BODY END LEAKAGE
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P4 POLE BODY LEAKAGE

\

i
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P7 - Stator Leakage Permeances
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(87)

(88)

(91)

(92)

(_T

B t

(_p

35

The next set of calculations deals with the no load satura-

tion. The equations aS set up in this section

can be used to calculate the complete no load

saturation for any voltage. When the no load

saturation data is required at various voltages

insert 1. on the input sheet for "No Load Sat. "

The computer will then calculate the complete

no load saturation curve at 80, 90, 100, 110,

120, 130, 140, 150, and 160% of rated volts.

When the complete saturation data is not neces-

sary, insert 0. on the input sheet and the

computer will calculate the 100% volt data.

TOTAL FLUX IN KILOLINES

6(E)106 6(3)106

(_T = (Cw)(ne)(RPM) : (72)(45)(17)

TOOTH DENSITY in Kilolines/in 2 - The flux density in

the stator tooth at 1/3 of the distance from

the minimum section.

0T (88)

St = (Q)(_s)(bt 1/3) - (23)(17)(57a)

FLUX PER POLE in Kilolines

((_T)(Cp),-__

v,p = (p) -
(88)(73)

(6)
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(94)

(95)

(96)

(97)

(98)

S c

Bg

Fg

FT

F c

!

COR_____EEDENSIT____Y in Kilolines/in 2 - The flux density in the I

stator core I

_ ((_P) (92)

Be : 2(hc)(_ s) = 2(24)(17) I

GAP DENSITY in Kilolines/in 2 - The maximum flux density I

in the air gap I

B- (0T) (88)

g = "_(d)(P.) : 77(11)(13) I

AIR GAP AMPERE TURNS - The field ampere turns per I

pole required to force flux across the air gap

when operating at no load with rated voltage. I

(Bg)(ge) (95)(69) I

_g=_ =_

!
STATOR TOOTH AMPERE TURNS

FT= h s _(NI/in at density(Bt) _, I

= (22)/iJook uP on stator magnetization curve given'i_ I
18) @ density (91) --I I

STATOR CORE AMPERE TURNS I

F _-17_D)- (he) ] ]1 NI/in @ density of(Bc_

c :l_ 4(P) J L "J |

=_[(124)(6)(24)] _ /Look uP on stator magnetization_ I

Lcurve given in (18) @ density (94)_] I

!
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(98a)

(99)

(lOO)

F S

_7
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STATOR AMPERE TURNS, total

F s = (FT) +-(Fc) = (97) + (98)

STATOR TO YOKE AND ROTOR LEAKAGE FLUX in

Kilolines

The leakage flux from the stator to the yoke

and rotor, all of which is considered crossing

the auxiliary air gap. This is a simplification

and only slightly pessimistic.

_7=_(Fp)_(Fg)+(FT)_(_c)]P7x 10 -3

-5

= _104)+(961_-(97)I-(98)] (86)XlO

The items to follow

calculated for variable loads.

of calculations are at no load.

are to be

The first set

These calcula-

tions will then be repeated for 100% load. From

then on any variation in load would be a repeat

of the 100% load calculations with the proper

percent load inserted.

ROTOR LEAKAGE FLUX - at no load

= _(96)÷2(98a)_ _0)+(81)+(82)÷(83_ Y, 10 -3
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These surfaces are at almost

the same magnetic potential.

I

I
I

I
r _ ..==.,_._ _

,,. 71 /," " 7

- ---u -42\ i i

,, J,.... • I

The above sketch shows the major leakage flux path from the stator.

This leakage flux in the two-pole machine is not equal around the side
of the stator and can cause a rotating couple.

FIq I0

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(lo2)

(103)

(_PT

Bp
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TOTAL FLUX PER POLE- at no load

(_PT : (_P% (_gP - (92)+

POLE DENSITY - The apparent flux density at the base

of the pole. Note that no provision is made

in this manual for calculating the density in

the flux plate. It is, therefore, important

to remember not to restrict the flux area

through this section.

(OPT) (102)

Bp- (ap) -
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(104)

(I08)

(118)

Fp

(_g2

(_5

POLE AMPERE TURNS - at no load. The ampere turns

per pole required to force the flux through the

pole at no load rated voltage. The no load

pole ampere turns per pole are calculated as

the product of (_p) times the NI per inch at

the density (Bp). Use magnetization curve

submitted per Item (18) for rotor.

Fp - (]_p) C NI/in @ density (Bp)]

= (76) { Look up on rotor magnetization curv

given in (18) @ density (103)

FLUX CROSSING THE AUXILIARY AIR GAP in Kilolines

(_g2 = ((_PT) -_----F(P)((_7)

- (102) (6) ,. (99)

COIL LEAKAGE FLUX

_5:P5[(Fo)+(FT)+ (Fg)+ (Fp)+(Fg2)jx I0-3

= (84) [(98) + (97) + (96) + (104) + (123)] x 10 -3

I

I

I

I

I

I
I

I

I
I

I

I

I

I

I

I

I

I

I
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(122)

(123)

(124)

(i 24a)

(125)

(126)

Bg2

Fg2

Ay2

Ay

By2

Fy2

41

AUXILIARY GAP DENSITY

(_2) (108)
Bg2 = (Ag2) = (70)

AUXILIARY AIR GAP AMPERE TURNS

(Bg2) (g2) x 10 3 (122) (59a) x 103
Fg2 = 3.19 - 3. 19

AREA OF END BELL PORTION OF YOKE at smallest

section.

Ay2 = _T (dy2)(ty2) = 'tr(78)(78)

AREA OF HOUSING PORTION OF YOKE

Ay = _'_D)+ (ty)_ (ty)

: n_12)+ (78)](78)

DENSITY IN END BELL SECTION OF YOKE at narrowest

part

((_g2) t ((_5) (108) -I- (118)
By2 :

Ay 2 (124)

AMPERE TURN DROP IN END BELL SECTION OF YOKE

Fy2 - 6 _ N I/inch at density (By2) ]

[(12) - (78)]
: 6 LOOk up on yoke magnetization "1

urve given in (18) @ density (125)J
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(126a)

(126b)

(127)

(127a)

(127b)

By

Fy

FNL

IFNL

E F

DENSITY IN THE HOUSING SECTION OF YOKE

By - ((_g2) t ((_5) _ (108) t (118)
(Ay) (124a)

AMPERE TURN DROP IN HOUSING SECTION OF YOKE

Fy: J_y

Using 1/2 total length of housing.

_NI/inch at density (By)]

: (78) I--Look up on yoke magnetization curve given 1
_n (18) at density (126a)

TOTAL AMPERE TURN DROP PER COIL at no load

FNL = V_(Fg) I- (FT) _- (Fc) _- (Fy) I" (Fy2) + (Fg2) _"(Fp)_

: _96) t- (97) + (98) 1- (126b) t-(126) t (123) _-(104)_

FIELD AMPERES PER COIL at no load

(FNL) (127)

IFN L : (NF) :

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no load

condition. (P£_ CO,L)

EF : (IFNL)(Rf cold) = (127a)(154)
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(127c)

(128)

(129)

S F

A

x

43

CURRENT DENSITY - at no load. Amperes per square

inch of field conductor.

S F - (IFNL)/(acf) _- (127)/(153)

AMPERE CONDUCTORS per inch - The effective ampere

conductors per inch of stator periphery. This

factor indicates the "specific loading" of the

machine. Its value will increase with the

rating and size of the machine and also will

increase with the number of poles. It will

decrease with increases in voltage or fre-

quency. A is generally higher in single phase

machines than in polyphase ones.

A = (IpH)(ns)(KP) = (8)(30)(44)

(C)(Ts) (32)(26)

REACTANCE FACTOR - The reactance factor is the

quantity by which the specific permeance must

be multiplied to give percent reactance. It

is the percent reactance for unit specific per-

meance, or the percent of normal voltage in-

duced by a fundamental flux per pole per inch

numerically equal to the fundamental armature
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(130) X_

I

ampere turns at rated current. Specific per- I

meance is defined as the average flux per pole I

peL::h.o:;o:e length produced by unit ampere I

X 100(A)(Kd) 100(128)(43) I

L E/_KAG_____EEREACTANCE - The leakage reactance of the I

stator for steady state conditions. When (5)

= 3, calculate as follows: I

X,= X [(/_i)_-(/_E)] = (129)_(62)+ (64)] I

In the case of two phase machines a component I

due to belt leakage must be included in the I

L:tr lth: hag_ mr:nail? :::s e: _: tlCem::::::tir:_ I

tion of the MMF into a small number of phase I

belts per pole and is negligible for three phase I
machines. When (5) = 2, calculate as follows:

3(y) o "" 3(31)
_B--Ol_'l(d)" _sin[(m)(q) ] 90 1- O'61,!_! Isin (5)(25) _

' Age} L (Kp) J ' )_' ' [ _'_

X_= X _A i) _" (hE)4- (,_B)] where _B=0 for3 phase I

X

machines.

: (129) [(62) "1"(64) t" (130)]
I
I
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(131)

(132)

(133)

(134)

(145)

Xad

Xaq

X d

Xq

V r

REACTANCE - direct axis - This is the fictitious

reactance due to armature reaction in the

direct axis.

.9 (ne)_PH)_n_d) _ .9 (45)(8)(74)(43)
Xad -

REACTANCE - quadrature axis - This is the fictitious

reactance due to armature reaction in the

direct axis.

:(Cq)(Xad)x 100 . (71)(131)x _oo

Xaq (Cm)(C 1 ) (74)(75)

SYNCHRONOUS REACTANCE - direct axis - The steady

state short circuit reactance in the direct axis.

X d : (XQ) _-(Xad ) : (130) _-(131)

SYNCHRONOUS REACTANCE - quadrature axis - The

steady state short circuit reactance in the

quadrature axis.

Xq : (X 2)_-(xaq ) : (130) +(132)

PERIPHERAL SPEED - The velocity of the rotor surface

in feet per minute

Vr : _-l_1_.,,,.r,,RPM, _ 77"(1 la)(7)

12 12
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(146)

(146a)

(147)

(148)

(149)

(15o)

(151)

(152)

(153)

NF

NCO

_tf

Xf°C

4

(hot)

acf

NUMBER OF FIELD TURNS

NUMBER OF FIELD COILS - One basic computer program

is used for the single-coil and two-coil Lundell

generators. This item is used in the computer

program as a code for distinguishing one from

the other.

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this

item - 0. for round conductor.

FIELD TEMP IN °C - Input temp at which full load field

loss is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-

inches. Refer to table given in Item (51) for

conversion factors.

RESISTIVITY of field conductor at Xf°C

L 254. 5 L_ 25T.5

CONDUCTOR AREA OF FIELD WDG - Calculate same as

stator conductor area (46) except substitute

(149) for (39)

(148) for (33)
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(154)

(155)

(156)

(15m)

Rf

(cold)

Rf

(hot)

4"/

COLD FIELD RESISTANCE @ 20°C per coil

Rf (cold) = (_f) (Nf) (_tf) _ (151) (146) (147)
(acf) (153)

HOT FIELD RESISTANCE - Calculated at Xf°C (103)

per coil.

Rf (hot) - (}Of hot) (Nf) (_tf)
(acf)

- (152) (146j (147)
(153)

WEIGHT OF FIELD COIL in lbs - per coil

#'s of copper = . 321(Nf)(_tf)(acf)

= . 321(146)(147)('153)

NOTE; ALSO SF_E NOTF--- GIVEN II'_ iI-erc_(GS)

WEIGHT OF ROTOR IRON - Because of the large number

of different pole shapes, one standard formula

cannot be used for calculating rotor iron weight.

Therefore the computer will not calculate rotor

iron weight. The space is allowed on the input

sheet for record purposes only. By inserting

0. in the space allowed for rotor iron weight,

the computer will show "0" on the output

sheet. H the rotor iron weight is available

and inserted on input sheet, then the output

sheet will show this same weight on the output

sheet.
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(160) THE EFFECTIVE FIELD LEAKAGE REACTANCE - The

Where:

Where:

reactance which added to the stator leakage

?

reactance gives the transient reactance X du"

When unit fundamental armature ampere turns

are suddenly applied on the direct axis, an

!

!

!
initial field current (If) will be induced. The

value of this initial field current will be just

enough to make the net flux interlinking the

field because of the field current and the arma-

ture current zero. The field ampere turns

will equal the armature ampere turns.

I
, (P) Lcc_-_J(1_)2 6

X F : (X) (-_$) 2_'(Pe)t'_'_ 2 x 10- I
|

, . . (6) I LW_)J (160) | ,,,-6

x _: (1_9)_ __- ._(-_o,__-Ix _o I
L=_(I°°_)['(_JJ

p 3.19 (Tp)(,_s)(Cp) 3.19 (41)(17)(73) II

g : (ge) : _--"--"__ I

g, -(g )[2(F_)"1-(Fg2_, (69)r2(96)4-(123_

e - e t 2 Fg J - L| 2 (96) J II
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(160a)

(161)

(166)

(167)

(168)

(169)

(17o)

Pe

L_

T

Xdu

t

X d

tt

X d

tt

X
q

X 2

FIELD LEAKAGE PERMEANCE

Pe = P1 "{" P2 ÷P3 -{" P4 &" P5

: (80) _- (81) ÷ (82) ÷ (83) t (84)

FIELD SELF-INDUCTANCE

Lf = (NF)2 (Pe)

- 2(146) 2 (160a)

UNSATURATED TRANSIENT REACTANCE

X'du = (X_) _-(Xf) = (130) _-(160)

SATURATED TRANSIENT REACTANCE

! !

Xd -- "88(Xdu) : "88(166)

SUBTRANSIENT REACTANCE in direct axis

tt t

X d : (Xd) = (167)

SUBTRANSIENT REACTANCE in quadrature axis

tT

X q _- Xq _- (134)

NEGATIVE SEQUENCE REACTANCE - The reactance due

to the field which rotates at synchronous speed

in a direction opposite to that of the rotor.

X2 = .5 ÷ X = .5 168)+ (169
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(172)

(173)

(174)

Xo

Kxo

Kxl

ZERO SEQUENCE REACTANCE - The reactance drop

across any one phase (star connected) for

unit current in each of the phases. The

machine must be star connected for otherwise

no zero sequence current can flow and the

term then has no significance.

If (28) - 0 Then X ° = 0

If (28) _ 0 Then

+

1. 667 [(hl)+ 7-(h3)]

+ E
(m) (q)(Kp) 2 (Kd)2 (bs)

= (79);(173) F(62)+ (175)]+1.667 [(22)+ 2(22)]+ .2(

_ -- (5)(25)(44)2(43) 2(22)

If (30)= 1

If (30)_ 1

Then Kxo = 1

ThenKxo=_-2

If (30)= 1 Then Kxl = 1

If (30) _ 1 Then:

F 3(Y) 1] F 3(31) ]Kxl = b(m)(q) + =U(5)(25) +

F 3(v) I]Kx I b (m)(q) _1] F 3(31)= =L4(5)(25 ) -

If (3 la) P. 66"I

If (3 la) < . 667
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(175)

(176)

(177)

(178)

t

T do

W a

T

T d

/_Bo" (Kx°) _'07(/Na) -(173)_. 07(175)_
(Kp) 2 (44)2

6. 38(d) 6. 38(11)

Where /_ a = (P)(ge) : (6)(69)

OPEN CIRCUIT TIME CONSTANT - The time constant of

the field winding with the stator open circuited

and with negligible external resistance and

inductance in the field circuit. Field resistance

at room temperature (20°C) is used in this

calculation.

T' _ L F _ (161)

do RF _-_

ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance

at room temperature (20°C) is used.

x2 (17o)
Ta = 200y'(f)(ra) = 200W(5a)(177)

Where: ra = (m)(IpH)2(RSPH cold) (5)(8)2(53)
Rated KVA = 2

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

!

' (X'd) (T do) -- (167) (176)
T d = Vx-T
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(180)

(181)

(182)

FSC

SCR

I2RF

SHORT CIRCUIT AMPERE TURNS - The field ampere

turns required to circulate rated stator current

when the stator is short circuited.

FSC - (Xd)(Fg) _- (133)(96)

SHORT CIRCUIT RATIO - The ratio of the field current

to produce rated voltage on open circuit to

the field current required to produce rated

current on short circuit. Since the voltage

regulation depends on the leakage reactance

and the armature reaction, it is closely re-

lated to the current which the machine produces

under short circuit conditions, and, therefore,

is directly related to the SCR.

SCR = FNL/Fsc = (127)/(180)

FIELD I2R - at no load. The copper loss in the field

winding is calculated with cold field resistance

at 20°C for no load condition.

Field I2R : 2(IFNL) 2 (Rf cold) = 2(127a)2 (154)
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I
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(183)

(184)

F&W

WTNL

FRICTION & WINDAGE LOSS , The best results are ob-

tained by using existing data. For ratioing

purposes, the loss can be assumed to vary

approximately as the 5/2 power of the rotor

diameter and as the 3/2 power of the RPM.

When no existing data is available, the follow-

ing calculation can be used for an approximate

answer. Insert 0. when computer is to cal-

culate F&W. Insert actual F&W when avail-

able. Use same value for all load conditions.

F&W : 2. 52 x 10 -6 (dr) 2"5 (_e } (RPM) 1"5

: 2.52 x 10 -6 (lla) 2" 5 (76) (7) 1"5

STATOR TEETH LOSS - at no load. The no load loss

(WTNL) consists of eddy current and hysteresis

losses in the iron. For a given frequency the

no load tooth loss will vary as the square of

the flux density.

Where:

WTNL - • 453(bt 1/3)(Q)(_ s)(hs)(KQ)

= . 453(57a)(23)(17)(22)(184)
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(185)

(186)

W c

WNPL

STATOR CORE LOSS - The stator core losses are due to

eddy currents and hysteresis and do not change

under load conditions. For a given frequency

the core loss will vary as the square of the

flux density (Bc).

Wc = 1.42 _D)- (hc) _ (hc)(_s)(KQ1) I

:i.42[}12)-(24)-]

Where: KQ1 : (k) = (19)

I
POLE FACE LOSS - at no load. The pole surface losses

are due to slot ripple caused by the stator

slots. They depend upon the width of the I

stator slot opening, the air gap, and the stator
!

slot ripple frequency. The no load pole face

loss (WpN L) can be obtained from Graph 2. I

Graph 2 is plotted on the bases of open slots.

I
In order to apply this curve to partially open

for b s. For a better under- Islots, substitute bo

standing of Graph 2, use the following sample: I
K 1 as given on Graph 2 is derived empirically

!
and depends on lamination material and thickness.
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Those values given on Graph 2 have been used

with success. K 1 is an input and must be

specified. See Item (187) for values of K 1.

K 1 is shown as being plotted as a function of

(BG)2.5. Also note that upper scale is to be

used. Another note in the lower right hand

corner of graph indicates that for a solid line

( ), the factor is read from the left scale,

and for a broken or dashed line (

the right scale should be read. For example,

find K 2 when B G - 30 kilolines. First locate

30 on upper scale. Read down to the intersec-

tion of solid line plot of K 2 = f(BG)2" 5 At

this intersection read the left scale for K 2.

K 2 = .28. Also refer to Item (188) for K 2

calculations.

),

K 3 is shown as a solid line plot as a function

of (FSLT) 1" 65. The note on this plot indicates

that the upper scale X 10 should be used. Note

FSL T = slot frequency.

K 3 when FSL T - 1000.

to locate 1000. Read down to intersection of

For an example, find

Use upper scale X 10

At this

K 3 -

Also refer to Item (189) for K 3 calculations,

solid line plots of K 3 = f(FsLT) 1" 65.

intersection read the left scale for K 3.

1.35.
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For K 4 use same procedure as outlined above

except use lower scale. Do not confuse the

dashed line in this plot with the note to use

the right scale. The note does not apply in

this case. Read left scale. Also refer to

Item (190) for K 4 calculations.

For K 5 use bottom scale and substitute b o

for b s when using partially closed slot. Read

left scale when using solid plot. Use right

scale when using dashed plot. Also refer to

Item (191) for K 5 calculations.

For K 6 use the scale attached for C 1 and read

K 6 from left scale. Also refer to Item (192)

for K 6 calculations.

The above factors (K2) , (K3) , (K4) , (K5) , (K6)

can also be calculated as shown in (188), (189),

(190), (191), (192)respectively.

WpN L _- _'(d)(_)(K1)(K2)(K3)(K4)(K5)(K6)

: //" (11)(13)(187)(188)(189)(190)(191)(192)
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(187)

(188)

(189)

K1

K2

K 3
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K 1 is derived empirically and depends on lamination

material and thickness. The values used

successfully for K 1 are shown on Graph 2.

They are:

K 1 = 1. 17 for . 028 lam thickness, low carbon steel

= 1.75 for . 063 lam thickness, low carbon steel

= 3. 5 for . 125 lam thickness, low carbon steel

= 7.0 for solid core

K 1 is an input and must be specified on input sheet.

K 2 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

K 2 = f(BG) = 6.1 x 10 -5 (BG) 2"5

- 6. 1 x 10-5 (95)2-5

K 3 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

K 3 = f(FSLT) - 1. 5147 x 10 -5 (FSLT) 1"65

: 1.5147 x 10 -5 (189)1.65

Where FSL T _
(RPM)

60 (Q)

(7_L(23)
6O
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(190)

(191)

K 4

K5

K 4 can be obtained from Graph 2 (See Item 186 for

explanation of Graph 2) or it can be calculated

as follows: I

For 7_s •= .9
m

K4 = f(_s) = "81(_s)1"285 i

= ,81(26)I. 285 I

For .9 : s = 2.0

K4 = f("r's)= • 79("rs) 1"145 |

= . 79(26)1. 145

For ]'s > 2.0

K4 : f(Ts): •92(_'s)"79

: . 92(26)" 79

K 5 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

For (bs)/(g) •:1.7

K5-_(b_/g): 3[(b_)/(g)]2.31

t.. =J
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(192)

(194)

(195)

K 6

I2_
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NOTE: For partially open slots substitute

b o for b s in equations shown.

For 1. _ _ (bs)/(g) _ 3

K5 - f(bs)/(g)- •35_bs)/(g)]
2

= . 35 _22)/(59)] 2

For 3 < (bs)/(g) •--5

K 5 : f(bs)/(g ) -- . 625 _bs)/(g) ]
1. 4

= . 625 _22)/(59)] 1.4

For (bs)/(g) _ 5

_, _ /_]=1.3_Eu_/_3-9°_
= 1.38 _(22)/( 59)] " 965

K 6 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

K 6 : f(Cl) = I0 _.9323(CI) - 1. 60596]

: 10 _.9323(71) - 1. 60596 l

STATOR I2R - at no load. This item = 0. Refer to

Item (245) for 100% load stator I2R.

EDDY LOSS - at no load. This item = 0.

(246) for 100% load eddy loss.

Refer to Item
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(196)

(196a)

(198) ed

TOTAL IX)SSES - at no load. Sum of all losses

Total losses - (Field I2R)÷ (F&W) ÷ (Stator Teeth Loss)

NOTE:

÷ (Stator Core Loss) ÷ (Pole Face Loss)

: (182)+ (183) _-(184) +(185) I-(186)

The output sheet shows the next items to be:

(Rating), (Rating Losses), (% Losses), (% Effi-

I

I

I
ciency). These items do not apply to the no

load calculation since the rating is zero. Refer

to Items (248), (249), (250), (251)for these cal-

culations under load.

I

I

I

The N.L. calculations should all be repeated now for

100% load.

LEAKAGE FLUX PER POLE at 100% load

(9_,-(_# d)(Fg) + 0"_(Fg)-_ (FT)C°S(0)]_-(Fc)(FT)_--(Fc) }

Where

I

I

I

I

I

e d = cosE + (Xd) sin_ [

= cos (198a) + (83) sin (198b)
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(198a)

(2O7)

(213)

(213a)

0

07L

OPT L

61

-1Where 0 = cos

-1
= COS

Where _ - tan -1

_Power Factor)]

[(9)]

sin (o) + (Xq)/(loo) ]cos (0)

tan-1 _sin (198a) _'(134)/(100)1

: _.. cos (198a) ..1

Where E : _- 0 : (198a) - (I9.8a)

FLUX LEAKAGE FROM STATOR TO YOKE AND ROTOR

under load. i-

_7L = (P 7) _FpL) -b (ed)(Fg)-_ (FT)[1 _" cos(0)_ .'_ (FcJ X,O 3

_-(86) _213C)"i-(198)(96)'I" (97)_ _-cos(198a)_ t" (98)_X|_

FLUX PER POLE at 100% load

For P.F..0 to .95

_PL : (0p) [(e d) -

: (92) _'198)

9 3(
--au, sin (_')[

lOO ..J

.93(131) a)_100 sin (198

For P.F..95 to 1.0

_PL : (_P)(Kc) = (92)(9a)

TOTAL FLUX PER POLE at 100% load

OPTL : OPL _ -(213)i"'_
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(213b)

(213c)

(221)

(224)

(225)

(226)

BpL

FpL

_g2L

Bg2L

Fg2L

(_SL

FLUX DENSITY AT BASE OF POLE at 100% load

BpL : _PTL : (213a)

ap

AMPERE TURNS PER POLE at 100go load

FpL - (Qp) _NI/in @ density (BpL)_

= (76)

Look up ampere turns/inch on rotor 1

magnetization curve given in (18) atJ

density (213b):

TOTAL FLUX IN AUXILIARY AIR GAP under load

(P) ((_7L)
%2L : +

: (213a) (6_/_) _. (207)

FLUX DENSITY IN AUXILIARY AIR GAP under load

Bg2L _g2L (221)
: Ag 2 =

AUXILIARY AIR GAP AMPERE TURN DROP under load

(Bg2L) (g2) _ (224) (59a) x 10 3
Fg 2L = 3.19 x 10 3 3.19

COIL LEAKAGE FLUX under load

(_5L= (Ps)_FpL)t (ed)(Fg)_" (FT)[1+ cos(9)] + (Fc)_l{,i

= (84) _213c) _- (198)(96)+- (97) _ + cos(198a)_ + (98
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(227)

(228)

(229)

(229b)

(229c)

0y2L

By2L

Fy2L

ByL

FyL
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FLUX IN END-BELL SECTION OF YOKE under load

0y2L : ((_g2L) i-((_5L)

: (221) i- (226)

DENSITY IN END-BELL SECTION OF YOKE under load

(_y2L) (227)

By2L : (Ay2) :

AMPERE TURN DROP IN END-BELL SECTION OF YOKE

under load.

: i (D) - (dy 2)Fy2L 6 ] N-I/inch at density (BySL) ] .1

LOurOk up on yoke magnetization

ve given in (18) at density (2_8)J

FLUX DENSITY IN HOUSING SECTION OF YOKE under

full load.

(¢y2D (227)
ByL : (Ay) : 1-_-_a)

AMPERE TURN DROP IN HOUSING SECTION OF YOKE

FyL : (_y)

: (78)

using 1/2 total length of housing.

NI/inch at density.(ByL) ]

I Look up on yoke magnetization curve given lin (18) at density (229b)
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(236)

(237)

(239)

(238)

(241)

(242)

FFL

IFFL

EFFL

I2RFL

WTFL

TOTAL AMPERE TURN DROP PER COIL at full load

FFL - (FyL)+(Fy2L)_(Fg2L)÷(FpL)_(ed)(Fg),(FT)0* cos_)]_(F c

= (229c)÷(229)e(225)*(213c)+(198a)(96)t(gT_O_-c, as (198a_

FIELD AMPERES PER COIL under load

(236)IFF L = -

CURRENT DENSITY at 100% load

Current Density = (IFFL)/(acf) = (237)/(153)

FIELD VOLTS at 100% load - This calculation is made with

hot field resistance at expected temperature at

100% load.

Field Volts = (IFFL)(R f hot) = (237)(155)

FIELD I2R at 100% load - The copper loss in the field

winding is calculated with hot field resistance

at expected temperature for 100% load condition.

Field I2R = (IFFL)2(Rf hot) = (237) 2(155)

STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load be-

cause of the parasitic fluxes caused by the

ripple due to the rotor damper bar slot opening.,
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(243)

(245)

(246)

WpFL

I2R L
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= __L.27(133)

(% 100L°ad)_J t 1 ) (WTNL)

NOTE (Xd) is in per unit

1_-I" 1 }(184)

POLE FACE LOSS at 100% Load

(%Load) _2 }

: _Ksc)(IpH) 10t) (ns)

WpFL LL (C)(Fg) + 1 (WpNL)

_(242)(8) 1 (30) ] 2 }: LL(32)(96) t- 1 (186)

(Ksc) is obtained from Graph 3

STATOR I2R at 100% load - The copper loss based on

the D.C. resistance of the winding. Calculate

at the maximum expected operating temperature.

I2R (m)(IpH) 2 (RsPH hot) (% Load)
= 100

= (5)(8) 2 (54) 1

EDDY LOSS - Stator I2R loss due to skin effect

Eddy Loss - __(EF_ toP)2 _" (EFb°t) - 1_ (Stator I2R)

55) + (56) _ I_ (245)= 2
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(247)

(248)

(249)

(250)

(251)

TOTAL LOSSES at 100% load - sum of all losses at

100% load

Total Losses - (Field I2R) _- (F&W) 4-(Stator Teeth Loss)

(Stator Core Loss)_-(Pole Face Loss)4-

(Stator I2R) _-(Eddy Loss)

: (241) 4- (183) 4- (242) 4- (185) + (243) 4- (245) 4-(246)

RATING IN KILOWATTS at 100% load

Rating = 3(EpH)(IpH) (P. F. ) (% Load)100 x 10 -3

= 3(4)(8) (9)(1.) x 10 -3

RATING & _. LOSSES - (248) ÷ (247)×10 -3

% LOSSES= _Losses]_ating _- _Losses)3 100

% EFFICIENCY = 100% - % Losses

= 100% - (250)

These items can be recalculated for any load condition by

simply inserting the values that correspond to the % load

being calculated. The factor (% Load)100 takes care of (IpH)

as it changes with load.

Note that values for F&W (183) and W C (Stator Core Loss)

(185) do not change with load, therefore, they can be

calculated only once.
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SUPPLEMENT TO DESIGN MANUAL

FOR PERMEANCE CALCULATIONS

Permeance (P) is the property of a magnetic circuit, ot any part of a

circuit, which determines the total flux corresponding to a given mmf

aS indicated in the expression -

0 = F P "- mmf x permeance

From "Standard Handbook for Electrical Engineers" A. E. Knowltot

7th edition, McGraw-HilL Section 4-310

Magnetic Permeability (to is that property of an isotroplc medium

which determines under specified conditions, the magnitude relation

between magnetic induction and magnetizing force in the medium

usually expressed -

B

tt-_--

Same reference _ection 4-308.

For air tt : 3.19 Flux IAne/t.mh 2
Ampere Turns/inch

The following formulas are from Roter'a "Electromagnetic Device s

Parallel planes of infinite extent

where

P=_

&= area

I = length of flux path

NoN-PA_At4.i_ Pt.A_$ OF INIt0NIl"a al[.l'smT

e h

_UADRANT OF BP_RICAL 8HELL

t,_U$ if Mlkli FLU| I.Wl|i

A _ _ l'--i& --_

Memm length of flux pith is _ (t f g)

MQmlmum area of flux p:th is -

Average area of path is considered to be -

rf

_- t(t÷g) and P :_I . tt_"t (t+ g)
T

e

Special lormulas tor use in estimating permeances of flux paths.

SEMI- CIRCU LAR CYLINDRICA L VOLUME

d,_aS length of flux line has been found by graphical measurement to be

1.22 g.

Mean area of flux path found by dividing the entire volume by mean

length of flux path is,

M ..... '/7"8g_x I.-_g =" 0. 322 g,_p

HALF ANNULUS

: 114 TSt CO_ffuTe_. OIS|(M_I Nt_14U&L Tl4S _y_OL _ WAS f.l,,l#kl_lk[l_

TO E To A_ol_ ¢o_@_Jslo_ uJIT_ _ _,_tn _I')

Assume the megn length of the flux path to be _(K__) and the average area

of the path to be t_ v then

WxsN @ < 3t p : u__ in (l_2___t)

SPH]ERICA L QUADRANT

LOCUS O_ _4 @tUg t.l_g

,I

By graphical meaSurement, the mean flux line is 1.3 g. Volume of

1/3'ff(_-) 3 , hence mean area of flux path is -quadrant is

:O.l,,
1.3g

_nf the p_'rmeance is

-" 0.077 _
! l.$g
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I_'(-'', , --_,,q_I"_,I"',_ ,_,I::_

rC:=.. ( r ° r):_r: n_. Re _,:'rT S ,! f, (...r" !'_:'_CC-F_, °.'_] "¢_'T_-Bq':_'Rfi ]

_n T( _. 11:

17 OC::(!: o,';,_':'-'(:C-,-r'.75:'mr _:'_T_

rq::nC / ( O,C-P !':'.'P,(_
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16 PR IqT2, 111 ._

Gr, TO 7

17 TO=_:+. o ll:'_-'ml/P"...+r . .

IF (St') lg, 18,1!_

1o -rq--1 on

GO T{'/ ">"_

19 FS=S iu(1 ,-71_'+qv /TD_:'_TP I( I.571""qv_

29 Z Y = P',";': Dt !

I F ( PB A-C "_ _ " 21 "_"_

21 _=l.q

GC> T 0 '_:'

22 _.=2. ,.3

z._,LI---_n

2L L!=L!÷I.()

n!_=l :_Zy

IF(OO-r_') 2(, "" 21,
, . +- _ _-?_

2-5 P.F=S l!J( 1. 571 ,'_9/P! _ / (eL*r_*s !i_( 1. 571 1 (_:!*o+',) _.)

cO Tr_ ?-7

2(" #F= " It!f1. ,571 _",r)/P r t)/(Of]"@:'c, I!I(1 .571 / ("""-_") )),I ' " ' " ' +

,'-7 cF=f;l[!fYY;'_l .571/cP'l_'--nH) )

Ft"-- n-'-<-r'-'-r" /C• -O ,,,_.,-F*F_

r:,E-=CC_',+(:C

IF(rl'_2 <' ._g 29

90,_,, r 1 :.: .:*1. _z" _.I ,)-:It LOf-+ ( n F _ _,_ ],, . I 1 " _ : 5 _" "

2q+. IFt'C_,_:_ ,',,.,,''r,,_l

"-' - ' • 'J/"k- . .,

.+ ,, t+(rr,+V.,..:,.... ' 1)I 2 ' i_ _ ;

'2 CP::PE":f!._"f:fC'C/TP):,.O;;78+l. !!71 _,

}_ ]F(E!+)-:I_,}: 1', _.._
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34 IF(RF)35,35,41

35 IF(PX-2.O)36_36,37

36 U.=I.3

I

!

!

GO TO 40

37 IF(PX-4.0)3B,3B,39

38 U=1.5

"'_BO TO 40

39 U=1.7

I

I

I

I

I

I

41

•42

43

40 EL=3. 142*II*YY*(DI+HS)/QQ+0.5

GO TO 42

EL=2. O*C E+3.14.2* (0.5*H X+D B )+YY*T S*T S/SQRT (T S*T S-B S*B S)

IF(CM)43,43,44

AA=SIN(3. 142*PE)

AB=SIN(I.571*PE)*4.O

CM=(3. 142,*PE+AA)/AB

44 IF(CQ)45,45,46

45 AAII.571wPE

AR.,3. 1416wPE

!

!

!

46

CQ=(O.5*COS(AA)+AB-SIN(AB))/(4.0*SlN(AA))

RB=(TI+234.5)*O.OO394*RS

PRINT3,SSjCC,HC,GE_TS_CI,TT,CW,FS,CP,DF,EL,CF,CM,EC,CO

PUNCHI,VA, EE,EP_PN,F,PX

PUNCHI,RPPIpPI,PFpCK,POL_DI

I

I

I

I

PUNCFt

PUNCH

PUNCH

PUNCFi

IpDU,CL,SS,HCpSFpQN

I,WL,BK,ZZ,BO,BI,B2

I,B3,BS,HO,HXpHYpHZ

I,HS,HT,HW, QQ,W,RF

PUNCHI,SC,YY,C_TS,SN,DB

PUNCFII,CE,SH,SD,TT,SK,RB



PUNCH1,TP,D1,FE,RD,RT,COILS

PUNCIi I,T2, RR, SNI.,WF, PE, SN I

PUNCHI,,D_,'II,BPI,BP2,TPI,TP2,ALP

PUNCHI,DR,WR,DY2,TY2,TY,ALY

"PUNCI41,P1,P2,P3,PI_,PS,P7

PUNCHI,G2,DG2,At.G2,ALI

PUNCHI,GE,CS,CF,FS,EC,DF

PUNCH I,RS _GC, PT, C |,CI,#,CP

PUNCHI, EL,CH,CQ,D_V,CC_PBA

PAUSE

END



I

!

I

I

I

I

I

I

I

I

I

!

I

I

!

I

I

I

PASS

49

5O

51

52

53

2

FORIIAT(E11.5,E11o5,E11.S,E11.5,EII o5,E11.5)

D ljIiEl_SIOH DA(8) ,DX(6) ,DY(8) ,DZ(8)

READ1,VA, EE,EP, PI4,F,PX

READ1 pRpiI4, pI ,PF,CK,POI.,DI

READ1,DIJ,CL,SS,ttC,SF,QI4

READ1,WL, BK,ZZ, BO,B1, B2

READ I, B3, BS, HD, HX, itY, ttZ

READ 1, FtS, HT, ttW, QQ,W, RF

READI, SC,YY,C,TS,SN,DB

REAl) I, CE, SH, SD, TT, S K, RB

REAI) I,ALCO,TP,DI,FE,RD,RT

READI,T2,RR,SNL,WF,PE,SNI

READI,DWI,BPI, BP2,TPI,TP2,ALP

READ I, DR, WR, TFP, DFP, DS I, ALSII

READI,PI,P2,P3,P4,PS,P7

READI ,RS,GC,PT,CI,CW, CP

READI,EL,CI'i, CQ,DW,CC,PBA

READIpGE,CS,CF,FS, EC,DF

READ I, DC I

DT=DW I

IF(ZZ-3.O)/49,50,51

SM=TT-BS

GO TO 53

SM=(3. 1416"(D I+2°*HS) IQQ)-B3

GO TO 53

IF (ZZ-4.. O) 50, 52,49

SM:TT-B S* (O. 554-0.888"HO / BS )

HM:CL+EL

5

EQ (5_

EQ (4£



6

61

IF(DT) 61,61,62

AC = 0 o785_'{ DW;_,'DW..S N 1

I

EQ (46) I

GO TO 72

f:,2 ZY=O,O

DA(1)=O.05

DA(2)=0o072

DA(3)=O,. 125

DA(4)=O. 1(;5

[)A(__) =0o 22q

I

I

f
DA(6)=0o/438

DA(7)=0o586

DA(8)=105

DX(1)=0°000124

DX(2)=0°00021

DX(_; ) =0. ooo21

DX(4)=O°O00i_4

DX(5)=0.00189

DX(_;) =0. O0189

DY( 1) =0° 000121_.

DY(2)=O.O00124

DY (:';) =c)° 0008/.4-

DY(b)=O.O0084

DY(5)=0°00189

DY(6)=0o00335

DY(7)=0.00754

DY(8) 0 "_= , 0.'_020

DZ ( 1 ) =0,000121_

DZ(2)=0o000124

DZ (.'-_)=0.000124



I

I
I

I

I
I

I
I

I

I
I

I
I
I
I

I

I

I

DZ (z_) =0o 00_3 5

DZ(5)=0,00335

DZ (6) :0° 00754

DZ(7)=0o0134

DZ (8):0.0302

63 I F (DF-°OS) 201,200,200

200 JA=O

JB=O

JC=O

JD=O

64 JA=JA+I

JB=JB+I

JC=JC+I

JD=JD+I

IF(DT-DA(JA) )65,65,64

201 D:O

IF(ZY)71,71,54

65 I F (DW-O. 188)66,66,67

66 CY=DX(JB-1)

CZ=DX(JB)

GO TO 70

67 I F (DW-O.75)68,68,69

68 CY:DY (JC-1)

CZ:DY(JC)

69

70

GO TO 70

CY=DZ(JD-I)

CZ:DZ(JD)

D=CY+(CZ-CY)*(DT-DA(JA-1) ) / (DA(JA)-DA( JA-: _ )

IF(ZY)71_71,54.

II



U

203

202

71 AC= (DT-[)W-D),_SI41

72 i F (P,T) 73,73,74

73 AS=Oo 785;_RD 'RD

Go TO 55

74 zY=1,o

D T=R'I

DW=RD

GO TO 53

54 AS=R'(':I_,D-D

55 S_-'P I / (CI;'.AC)

CY=PT :,FE:_Oo00000 I/AS

F I<=P,P,:=CY

Fk= ( "( 2+23 4.5 ) .:F K,":O. 003.94

RC=O. 3 2 li:_-p-F A-FE-AS

I F(Stt) 202,203_ 202

ET=I

EB--I

GO TO 204

AA=Oo 584+( SN::SN- IoO) ":_0o06 25 'I(SD"'ICL / (SH*Hi-i))II;;'_2 o0

AB= ( Sl-I:q.; C-'_F:.AC / ( BS-VRB ) ) ;,;.: 2 a 0

ET=AA,'AB*O oOO.-,:, .B+ 1 oO

EB=ET-O, OO 16 8* AB

04 RY=SC;'"0_0*O. O00OO 1;,HH/( P i,l* AC.'_C'_"C)

RG=RS_-'RY

R P=R B*f',Y

A=P I*SC*CF/(C;':TS)

PUNCHI pVAp EE_ EPp PN_ F pPX

PUNCHI_RPH, P I,PF,CK_ POL,D I

PiJNCIII_DU_CL_SS,HC, SF_QN

EQ (46)

EQ (153)

EQ (153)

EQ (47)

EQ (154)

EQ (155)

EQ (156)

EQ (55)

EQ (56)

EQ (53)

EQ (53)

EQ (54)

EQ (128)



I
I

I

I
I
!

I

I
I

i
I

I
I

i
I

I

I

I

I

PUNCHI,_,"/L, RK,ZZ,BO,BI,_2

PUNCHI,R3,BS,HO,HX_,HY,HZ

PUNCH I , HS, HT, I"IW, 0(3, W, RF

PUNCII1,SC,YY, CpTS, SN,DR

PUNCHI ,CE, SH,SD,TT, SK,RB

PUNCHI ,TP,D I,FE,RD,RT, COILS

PUNCHI,T2,RR,S.NI.,WF, PE,SNI

PUNCH I,D_;I,BP I, RP2, TP I, TP2, ALP

PUNCH I,DR, VR, DY 2, TY2, Ty, ALY

PUNCH1,PI,P2,p14,PL_, P5,P7

PUNCHI ,G2,DG2,ALG2, ALl

PUNCHI,GE,CS,CF,FS,EC,DF

PUNCII1,RS,GC, PT, C I,CV, CP

PUNCHI, EI.,CM,CQ,D_,CC,PB#

PUNCH 1 , Hit, SM, AS, AC, ET, EB

PUNCH1pS,FK,FR,RC,RG,P,P

PUNCH 1, A

PAUSE

END



I0

PASS 3

I FORMAT(E11o5,E11.5,EI Io5,EI I.5,EI 1.5,E11o5)

READ IpVA_EE,EP,PN,F,PX

READI ,RPIi,PI,PFpCK,POI.,DI

READ I,DU,CL,SS_HC,SF,QN

READ I,WL,BK,ZZ,BO,BI,B2

READ I,B3,BS_HO,HX,HY,HZ

READ I,HS,HT,HW,QQ,W,RF

READ I,SC,YY,C,TS_SN,DB

READ IpCE, SH,SD,TT,SK,RB

READ I,TP,D I,FE,RD,RT,CO ILS

READ I,T2, RR, SNI.,WF, PE, SN I

READ I,DWI,BPI,BP2,TPI,TP2,ALP

READ I_DR,WR,DY2,TY2,TY,ALY

READ IpP1, P2,P3,PII,P5,P7

READ I,G2,DG2pALG2,ALI

READ I_GE,CS,CF,FS,EC,DF

READ I,RS,GC_PT_CI,CW,CP

READ Ip EL, CI_,CQ, DW, CC, PBA

READ I,H_4,S_¢,AS,AC,ET,EB

READ I,S,FK,FR,RC,RG,RP

READ IpA

IF (PBA-_O.O) I05, 105,108

105 IF(CS-F).667)106,106,107

106 FF=O. 25"(6.0"CS-I.0)

107 FF=O° 25"(3 °*CS+I.O)

GO TO 75

108 1F(CF-O°667) I09, I09,110

109 FF=0.05"(24°0"CS-I.0)



I
I

I
I

I

I
I
I

I
I

I

I

110

75

76

77

78

79

8O

81

82

I

i 83
84

I
86

I 87

I

GO TO 75

FF=Oo75

C X=FF / (CF*CF*DF*DF)

Z:CX*20o O/(PtI*QN)

BT=3 o 142"D I/OQ-RO

ZA:RT"_RT / (16 °O*TS*GC)

ZB=O. _;5"t3T/TS

ZC=HO/RO

ZD=HX*O.333/BS

Z E=HY/B S

IF (ZZ-2°O) 76,77,78

PC=Z* (Z E+Z D+Z A+Z B )

GO TO _}2

PC:Z-'_(ZC+ (2. OWHT / (BO+BS))+(HW/BS)+ZD4-ZA+ZB)

GO TO 82

IF(ZZ-4.O) 79,80,81

PC:Z*(ZC+(2.O*HT/(BO+BI))+(2.0*HW/(BI4-B2))+(HX*O.333/B2)+ZA+ZB)

GO TO 82

PC:Z*(ZC+O.62)

GO TO 82

PC:Z* (Z E+ZD+ (O o 5*GC/TS )+(O° 25*TS/GC) -_O.6 )

EK-EL/(10,O**(O. 103*YY*TS+O.402))

IF(D I-8.0) 83,83,84

EK:SORT (EK)

ZF=, (_12*LOG ( 1 O, o*CS)

EW:6,28*EK*ZFW(TP**(O.62-(O.228*LOG(ZF)) ))/(CL*DF*DF)

ZC=O.O

ZA=3. 1416"(D I+HS)/QQ

IF (ZZ-3.0) 88,89,88

.ILl

I
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88 TM=ZA-BS

GO TO ')O

89 TM=(3o 1416*(DI*2.*HS)/QQ)-B3

.90 WI= (TI'W.-fl0*SS*IIS*(DIJ-HC)_'_3.1L_-2*HC*SS) '_O. 2}{3

IF (WF

4.1.<, WF=2o

t] s _ °

)l_I_5, 41_6, I_I_5

5 2E-(,'*(DR**2° 5) *ALP*RPH**I °5

2 1*H!I*O r)*AC* £C

I

I

I
pI.I!!Cltl ,VA,EE, EP,P!!,F,PX

PIJ_.IC!!I,RPI'I, P ! , PF,CK, POI_,D I

PI!_,ICI{ 1, Dtl, CL

PUl,lC',i 1 ,WL,RK

pI_I:4CH 1 _,B_._,BS

PIJ;.IClt I _ t-!S _I--!.T

PUNCIt 1, £C, YY

,SS,HC, SF,QI',i

,ZZ,BO,r31,,B2

,I!0,,I!;,',liV_HZ

,C,TS, £N,DB

I

I

I

I
P !J[,ICl!1, CE, SH, S[),TT, SK,,RB

PIJ;4Ci!1,,TP,D I, F E, F,'.r),FiT,CO II_S

PtlI4CItl ,T2,RE, S_,II.,_,!F, PE, St!l

nt'l Br'l tiP2 TP1 TP2 AL oPIJ'4CH 1 ,. , , , , ,

PUI.ICIII, DR,!.rR,DY2, TY2, TY, ALY

I

I

I
PU!,lCt!l, Pl ,P2,P",,PI_,P5,P7

PUi.!CII1lil!lI,SIIil AS, AC, ET, EB

PII:'IC!II,S,FK,F.R,,RC,RG,RP

Pl..ll'ICtlI,G2, fir,2,/_.I.G2, AL I

plJt4Cttl ,,GE,CS, r,F,FS, EC_,DF

pt.Yt4Clll,RS,GC, pT, C1

PlJt.ICHl,EL,CH,CQ,D_I,

pI.II.!CIII,FF,CX,PC, EK,

PUl4Ct'! 1, ;_,_,',! I ,_,IC

PAUSE

,C_I,CP

CC,PBA

EWpTPI

EI_D



i

ASS 4

I
I

I

I
I
I

I

I
I

I
I

I
I

401

_00

14o3

I
402

I

FORHAT

READI

READ I

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

IF(PI

PI=3.

(El Io5,EI 1.5;E11.5,E11oS.E11.5,E11.5)

pVA DEE, EP,,PI,I,F_PX

_RPI'I,P IpPF _CK _POI._D I

I,DU,CL,SS,HC,SF,QN

Ip94LpBKpZZ,,BO_BI pB2

IpB3_BS,HO,HX,HY,HZ

IpHS_HTpHV/pQQpW,RF

IpSC_YY_C_,TS,SN,DB

IpCE_SH_SD_TT,SK_,RB

IpTPpDIpFEpRDIRTpCO ILS

IpT2pRF',,SNI._'iF,PE_SNI

I•DWI•BPI,BP2_TPIpTP2,ALP

I•DR, WR, DY2_ TY2, TY, ALY

IpP I,P2p P3, P4, PS, P7

I•HH, SI"t,AS pAC j,ET =,E_

IpS,FK,FR,RC,RG,RP

IpG2_DG2_ALG2pALI

I=,GEp CSp CFp FSa,ECp DI"

I,,RS,GCpPTpCIpCt, VpCp

IpELpCHpCQpDWI, CCpPBA

IpFF_CX_PCp EK, EWpTM

IpA,WI _WC

)400p401p400

1.9*BP I'*TPI/AI.I

IF (P2) 4-02,4.03 ,402

AL2=TP-(BPI+BP2)/2.

P2=3.19Y_ (AI.P* (TP2+TP I)/2. )/AL2

IF (P3 )4 04,4 05,4 04

13



14

405 R4=AL I-CL/2.

4O8

P3 =((3o*BPI+BP2) 12o)*I riG(ALl/R4;

IF (pl_)i_[)9,407,409

P4=(3 o19*AI.P/3 o 1416)*lOG (I.4-(BP I+BP 2)/AL2)

IF (PX-4. )4 08,408,409

P4=P4_'_I o5

I

I

I
409 TG=6. E6*EE/(CW*EC*RP! _

BT I=TG / (QO*S S*SM)

FQ=TG*CP/PX

BC I:FQ/(2.*HC*SS)

BGI=TG/(3. 1416"D I*CL)

FG--BG I_,_GE/oOO3 19

AY2=3. 1416*DY2*TY2

I

I

I

I
A2=3. 1416*DG2*ALG2

AP=Bp 2_'_TP2

AY=3. 1416*TY*(DU+TY)

WQ= (DU-HC) * Io42"H C*S S* (BC I/BK) **2. O*WL

WT= SM *QQ*SS*HS*Oo453*(BTI/BK)**2.0*_.

I

I

I
132

133

D2=BGI;_*2.5"O°OOOO6 1

D3 =(O°D167*QO*RPM)**I .65"O°OOOO15147

IF (TS-O. 9) 133,133:134

D4=T S_* 1o285*0 o81

GO TO 137

I

I

I
134

135

136

137

IF (TS-2.O) 135,135,136

D4=T S** I° 145*0.7 9

GO TO 137

D4=T S**O. 79*0 °c,)2

D7=BO/GC

I

I

I
IF(D7-1.7) 138,138, I_,_



I
I

I
I

I

I
I

I
I

I

I
I
I
I

I

I
I

I

I

138

139

140

141

142

D5=D7**2o3 I'Oo3

GO TO 144

IF(DT-3oO).,_O,14OpI41

D5--D7**2 oO*O. 3 5

GO TO II_4

IF(D7-5oO) II_2,142, II_3

D5=D7**1.4"Oo625

GO TO 144

D5=D7**Oo 965"Io38

D6= IOo O** (O. 93 _*C I- I. _ n6)

BA=3 o142"D I*CI.

WPI=D I";_D2_'_D3*DI+*D 5*D6*B A

PUIICHI pVAp EE, EP_PF_,F, PX

PUNCHIpP, PH_ P IpPF_CK, POL,D I

PUI,JCHI,DU,CI_,SS_HC,SF,QN

PUNCHI,WL,BK,ZZpBO,BI,B2

PUNCH I p B3 _,BS _,I'I0 ,,FIX, IIY _,HZ

PUNCH I p FIS, FIT, I'IW_QO, W, P,F

PI;NCII1, SC, YY

PUNCFI I, CE, SH

PUNCH 1, Tp _P I

,C,TS,SN,DB

,SD,TT,SK_RB

,FE,RD_RT,COILS

PI.;I,ICII I _T2 j RRp SNI. _WF, PE, SI'11

PUNCIIIpDWI_,BPI,RP2,TPI,TP2,ALP

PUNCHIpDR_,WRpDY2_TY2_TY_ALY

PUNCFI 1, HH, SH, AS, AC, ET, EB

PUNCHI,S,FK_FR,RC,RG jRP

PUHCHI_G2,DG2pAI.G2,ALI

PUNCHI,GE,CS_CF_FS, EC,DF

PUNCHIpRSpGC_PT,CIgCW, CP

15



I

,16

PUI']CII1, El.,CI4,CQ, D!V,CC, FP,A

PUt,ICH1pFF, CX, PC, EK, EW, Tl'.i

PUblCF!1, A, _,.!I , !,._C,WI,I, _,'IT__q

PUt,ICIt 1, TG, FO, BC 1, BT 1p BG 1, FG

PUNCHI,,P1,P2,P_,P6, PS,P7

PUNCH 1, PX, ALP, A2, G2, AY2, AY

PUNCH 1, DIJ, DY2, AI.Y, PT, FK, AS

PUHCFtl,CO!I.?,HC,AP,HS

PAUSE

END

I
I

I
I

I

I
l

i
I

I
I
I

I

I
I

I

I

I

I



I

I P.ASS 5

DIHEqSIO!4 AI('.30)

FORMAT(EI1.5,Ell _ Fll 5 Ell 5 E11 5 Ell 5)
• o. p-- • _ • p • p •

FDRI4/_IT (F 10.O,F 10.O,F 100,J, F 1 O, O, F 1000,F 1O00)

K=I

I I

I
U88

I

I

I

I

i

I

I_2 2

K=K-,4-

,AI(K),AI (K+I),AI (K4-2),AI (K4-3),AI (K+4),AI (K+5)

I F (K-£ °'_ 82.", ,.,, £24 82L_

£24 Dn 825 .1=1,20

£,25

READ I,RI,R2,R3,RI;,RS,R(i

PUqCHI,RI _P,2,R3 ,RI_,RS,R6

READI

READI

READ1

READI

,TG, FO_,BC I,BT I, B[:.I,FG

,PI ,P2,P3,P4,P5,P7

PX, AI.P,A2,G2, AY2,AY

, [;[!, DY2, AI.Y, p'r,FK, AS-

I

I

I

READI pCOILS_HC_AP_HS

LOAD=I

COREL_-3. 1416*(DU-HC) / (4. "*PX)

X=BT1

NA= 1

I

I

I

80b

K=I

6o TO 802

FT=HS*AT

X=BCI

K=2

I

I

I

807

NA=I

GO TO 80z

FC=COREI.*AT

FS=FT+FC

I?



18

_ o8

8 1L!.

815

816

809

818

817

810

PL=(FG4-FS)*(P14-P24-P3+PI:)*.O02

PI.T=FO.4-Pt./PX

BP--=P[_T/AP

X=_P

''A--q I

K=3

Gn TO 802

F P=AI.P:_AT

Pt.7= oqO 1*p 7": (F C4-FT +F G-_-FP )

PG 2=P I.T _p X / 2. -4-PI.7

BG2=PC?./A2

FG 2=BG :_-:_G2 / . 00.'-, 19

IF (CO Il.S-t o)_;lb,S1 5,814

PLS=° O01 _'_P_* ( F(; 24-F P4-FG 4-FT4-FC )

3Y2=(PG2+PI.S)/AY2

GO T() 816

BY2=Pq2/AY2

K=4

NA=61

GO TO 802

FY2=((DU-DY2)/6. )"fAT

I F(COII.S-lo)817,818,817

PL5=o 002"P5" (FG 2+FY 2+FP4-FG+FT+FC )

BY= (P(]24-PI.5)/AY

NA=61

K=5

GO TO 802

FY=AT¢_AI.Y

Fklt= (F Y4-F Y24-F£-. 2_F P.4-FG+FT4-FC ] * ( 2. / CO I LS )

I
I

I

I

I
I

I

I

i

I

I
I

I

I

I

I

I

I

I



I

I

I
I

I

I
I
I

I

I
I
I
I

I
i

I
I

I

802

831

835

833

834

A I I,'L=F tlL/pT

CD--=AI NI./A,£

EPNI.=AI Nt.-',F K

PUNCH1 pTG,FQ,RC 1, BT 1 , BG 1 ,FG

PI!NCII I, P I, P2_ P3, P4, P5 _P7

PUNCHI ,A2p AY2, AY, RP, BY,.qY2

PUNCH I, BG2,F62, Ft4L,AI tlt_, Cn, EPIqL

DIJNC,q I pAP, Pl_, PLT, FC, FT

PAUSE

IF(A! (t4A)-X)83 O,83 1 ,_73 1

NA=_IA+3

IF(AI (F4A)-X) 8'_3,834,8:_4

NA=tIA4-2

GO T() i335

AX=AI (NA)

BBI=AI (I'A-2)

DC=AI (NA+I)

D=AI (t!A-1)

XX= (AX-BR1)/(.h.343_'_'(I.OG(DC)-l.OG (D+.OOO1)) )

Y=AX-X X* o434-3 *LOG ( DC )

"_ VAT=EXP(2.>O6*(,,-Y)/XX)

GO TO (I{38,83.9),LOAD

838 GO TO (806,807,808,809,810),K

830 GO TO (836j837),I.OAD
/

836 PRINT 850.

850 FORHAT (17HHACHINE SATURATED)

PAUSE

END

19
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2O

PASS

3

I

870

6

FORMAT(9X FI2.5,2X F12.5)

FORMAT(E11o5,E11.5,E11.5,E11.5,E11.5,E11.5)

FORr4AT(23X F12.51)

READI ,VA,EEjEP,PN,F,PX

READI pRPHpPI,PF,CKjPOL,DI

READ1 pDU,CL,SS,HC,SF,QN

READI ,WLpBK, ZZpBO,UI,B2

READI ,B3,BS,HO,F4X,HY,HZ

READI ,HS,HT,HN,QQ,W,RF

READI pSCpYYpC,TS,SN,DB

READI pCEwSHwS[)pTTwSK,RB

READI ,TPpDIpFEpRD,RTpCOILS

READI ,T2,RRpSNL,_¢F,PE,SNI

READI pD_VIpBPIpBP2,TPIpTP2,ALP

READI ,DRpWR,DY2pTY2,TYwALY

READI ,HM,SM,ASpACpETpEB

READI pS,FK,FR,RCpRGpRP

READI pG2,DG2pALG2pALI

READI ,GEwCS,CF,FSpECpDF

READI ,RS,GC,PT,CIpCWpCP

READI pELpCPA,CQ,D%i, CC,PBA

READI ,FF,CXpPC,EK,EW_TM

READI ,A,WI,WC,WN,WT,_/Q

READI ,TG,FQ,BCI,BTI,BGI,FG

READI ,PI,P2_P3,PI_,P5_P7

READI ,A2_AY2,AY,BP,BY,BY2

READI ,BG2,FG2,FIdL,AINL,CD,EPNL

READI,AP,PL,PLT_FC_FT



I

I

I

I

I
I

I

I

I
i

I
I
I

I
i

I
I

I

I

415

417

420

XR=. O707*A,,_DF I (BG I*CI )

XL=XR:',"(PC+EW)

XD=90.-,_EC-_P I*CM*DF I(2. _'_PX* (FG+FG 2) )

XQ=CQ*XD I (CH*C I)

XA=XL+XD

XB=XL+XQ

VR=3,1416'_DR,_RPHI 12.

AGE=( (2.._FG+FG2) /(2. ;FG))*GE

PGE=3 o19":_TP:_SS_CP/GE

PEE=P I+P2+P3+P4+P5

XF= (XR*P X/SS )* ((C I/CP ):_*2*PG E'_PG E )

S I=PT:_PT*PEE*IoE-8*CO ILS

XU=XL+XF

XS=. 813:_XU

XX=XS

XY=XB

XN=. 5_'_(XX+XY)

ALA=6°38*D I/(PX*GE)

IF(W)414,415,414

XO=O.

GO TO 422

IF (CS-I .)417,418,417

AKX=I.

AKXI--I °

GO TO 4.19

AA:(3. *YY / (PN*QN))

AKX=AA-2 o

I F (AA/3, -. 667) 420,420, 421

AKX 1=, 75*AA-, 25

/(6° 28*PEE*(AGE/GE) *-2)

21



22

421

419

422

GO TO 419

AKX 1:. 75-',AA+ o25

ABL= (AKX/(CF*_2) )" oO7__ALA

XO=AKX* (ABI.+PC)/AKX 1

XO:XR* ( XO+( 1 ,,667" (HX+3 .*HZ) ) / ( PN*QN*CF**2*DF **2*B S ) +. 2*EW)

TC:S I/ (FK*CO ILS)

RA=PN*PI*P I*RG/(VA*IO00o)

TA=XN/(6 28 o3 2*F*RA)

TS=XS*TC/XA

T4-2o/F

FSC=XA*FG

SCR=FNL/FSC

PRI NT3,ACp A, S, XR,HH, XL,RG, XDpRP,XQ, ET,XA, EB, XB, PC, XF, EW, S I,WC, XU

PRI NT3pWl pXS,TPpXX,_,'_RpXY,VR,XN,AS,XO,FK,TC,FR,TA,RC,T5,PI,T4.

PRINT3,P2pTG,P3,FQ,P4,,BGI,P5,BTI,P7,BCI,FSC,FT,SCR,FC

PRI NT870, FG

PUNCHI,BO,GC,P I

PUNCFII,EB,SC,C,

PUNCFII,EE,TG,BT

PUNCH1,HS,DU,HC

PUNCFI1,P3pP4,P5

,PN,EP,ET

XB,XD,PF

I,Fq, BCI,FG

,PX,PI,P2

,P7,BP,ALP

PUNCHIpBG2_A2,G2,AY2,AY,BY2

PUNCIII,DY2,BY,ALY,PT,AS,FK

PUNCHI,XA,RG,WF,WQ,WTpWN

PUNCHIpSNLpPOL,RP,FR, PLpPLT

PUNCHI_FCpAI NLpCDjEPNLpFNL,FT

PUNCHIpCOI LSpAP

PAUSE

END
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I

I

I

I:::)A c" C" 7

D !HE_!_ I_I! r:g (h), AF._J-'.,),nx(4)

_:1! 5,rll.5,r:11 5 Ell 5)FO,R,"_A'TtF11 5,Fll g, ...... ,:. ; o -- o . ,. , • o

R E.,",n! , 'R._';,r-C, P ! , P!!, EP, ET

..... .,':r, or, '2,Xlg vr_ PFDr--Ar'_l i1.)1 _ 1 - i,.-.1

I

I

I

I

I

I

I 965

_EAP1

F_FAnl

REAR1

READ1

READ1

READ1

,q'_"1, FO, !1CI, v("

_z hi, ,'c r,,,p: P2

_,PI,Pl' Dr. _ nn ALP. i, -)I, /ii -. I

,_-,2C2, AY2,AYpRY2p qG2p ,-._

pDY2, P.Y_AI.Y, PT _AS, FK

, .'.(A, RG, WF, WQ, WT, WN

R EAD I, c;t,ll.,POL, RP, FP..,P[., PLT

F'EAD 1 ,FC_ AI I!I._CD, EPt!l.,FqL, FT

READI ,CO II.S,AP

AXX=P,()/GC

IF (A,(X- 1. ) 964-, 9(;5,964-

AKSC=2.6

I
I

I

964

955

956

GO TO !)57

I F (AXX-3.75) 955,955,95(;

AKSC= 1()o**. 178/( (AXX- 1. )**. 334)

GO TO957

AKSC=IO°**. 11/( (A'(X- 1° )**o 174-)

I

I

I

957 XXI=P I*P I*Pt,l

XX3=3 .*EP*P I*PF

XX2=(ET+EB)/2.-I.

XX4=AK£ C*PI *S C /(C*FG )

GB(1)=Io

GB(2)=I °5

GB(3)=2o



777

GB (4) ---Pf) I

AI_II,S1U(AI '_,

P.(:777 K=I,I_

AA =-ATAH((_:;!I._-)'R*Yq/!!_O._/PF _,

A,Et'K3 =COS (AA-Ai,!_ , v^-,._- I _'_f AA__"Y"/1 ('_1

n X (K );:.!)3,"_X.n,'.'YR:'_Sl4 (. _̂._1 10.'.)o

p!v!,fC_l,AE(1),AE(2),AE(:;_,AECt;_

PII_,ICHIjD,X(1),n:C(2),F)X(_,.,),nv("

v . .. . _." r) L" -r

PII ],,IIIp _ _ _,...,'C EB SC_C ,,"_',,,r__r_r,

P I)NCIII pEE :TO..,RT I _F:(_.,r_C 1 ,F(':

, 0"}PIII'ICIIII,IIS,D('_IC '_" '_'I,

_'4 P.G P7 _P,AL'-'PUNCHI,P3_. , _ ,.

P!I!.JCIII_BG2, A2_ (;2, AY2, AY, _Y2

PIJ_dCHI,DY2_ FIY_AI.Y, OT_ AS, FK

VpIINCH I,.,_A_I:_G_tlF_1I()_!IT,. ,_lt!-.

v),2 ,,,_',,_,,I,Sill pr_lPIJIICHI_XXI_.,..,. _,,,_;_,,,.. . .__, ,

PUt,ICtt I, RP _,,,,, .., ,, .

°UNCIII,AI?,!I ,CP,fiP_!I. F!l!. rC;ll.S r_'' ' : , " _'" ' 1''

PAUSE

EHF.



!

I PASS 8

I

I
I

I 88

I

I _24

I

I

I
I

I

I

!

I

I

I

I

25

D l!_[l.!fi lot4 AII ( .0OI

[)lHEqSln!.l AE(I:-),DX(I_).RPI.(4),BYL(I_),BY2L[_.),BG2t.(_),PLL(L'),PTLL(4)

r) 1!4Eil£ IOH FFI.(Z_) ,.AI FI.(I_), CDD(I_), EPFi.(4)

FORt,IAT (F 11.,5, E11.5, E11.5, E 11.5, E11 o5,E11.5)

FnR_'.AT(Flr).r),FIO.O,F10oO,F 10.0,F10.0, FIOoO_

K=I

P,EA_SS[!,AI(K),A!(K+I),AI(K-_2. _,AI(K+3),AI(K+4),AI(K+5)

K=-K+(.

IF (K-!:

!"_EJ-*,..O1

R FA..".,1

REAr)I

r',EA[) 1

R EAr) 1

REAl) 1

REA.q 1

REAib I

REAP1

REA r)I

REAr_ I,

• L).. p 11

,AE(.1._,A[:(.-,'_,AE(".. _,AE(I-_.,

pQY,(l'_jq"f2)j ,.., . ,.... _. DXf:; _ DX(_

pB(_,_r'C_PlpPI. Ip [-:Pp ET

,Eg, gO,C, Xn, xr), PF

Tr fyr1_FO [',CI F(_,EE, ., , ., ,

,.. DX Pl P2pt4q_p J_H,C p p p

_P:;_P/I-,P5,_7. _.BP._ALP

,I{r;2, A2, r_2,_Y?_, AY, BY2

r_Y2p [_Y,AI.Y_PT, AS_ FK

_X_,R_,._F,_,_n,!fT.,. ,__tl'

vv_ ,.(.,,.2,'("'''" X.'(I_- _'_ PQI.

. Pl ,r FC FTREAnl,f>PpFR,PI _. .._

C'q- Er_II.,FIII. RQII q APREAD1 ,AI_11.,..., : , .. ,

t..p,At',= 2

P(: !?(){} ,1=1 1!

AE r)=AE (.I)

AA:-.AE [):'_FG4- ( I o._[ 'F ) eFT+F C

, , ; . . . , ,

PR = pI.T* (A[-[,-r)X (!) )



_6

PTLI.(,I)::P.R_PI.I,(,I)/PX

X=PTI.I_ (J)/AP

BPI_ (,I'_=X

BPt_(, _)---'<

AA-j 1

K=I

GO TO 1102

841 FPI.= AT:'_ AI.P

PL7[..=P7*o OO I*AA

PG2L= (PTLI. (,1_ _'_PX / 2. )-4-PL7L

BG2L(J)=PG21_/A2

FG2L=RQ21.(,I) _'_G2/o{_03 1!)

IF (C()I l.S-2, o)g55,_51, _,55

I
I

I
851

855

852

PL51,=PS*, O0 1-( AA_F Pt. '_

PY2=PG 21.+PI.5l.

GO TO 852

PY2=PG21.

X=PY2/AY2

I

I
I

842

BY2L(,I)=X

NA=61

K=2

GO TO 1_02

FY21.=AT*(DIJ-DY2)/2,,

I

I

I

854

853

I F(CO!1.S-loO)853,85 b-,853

PL 51_=, OO 2* P5" ( AA4-F PL+FY 2L4-F G2L )

PYL=PY2+PI.5L

X=PYL/AY

BYL(,I)=

I

!

I
NA=6 1



I 27

I

I

K=3

GO Tn _!02

FYL=AI.Y*AT

'Ii

i

i

i

I

I
9OO

837

_ FL (]) = ( F(; 2L_F Y!..,,-FP I.mFY 2!._AA) _,"2o / C0 ! !. S

A IFL(, I)=FFI.(.I)/PT

c_r) (,_) =al Ft.(,J)/AS

EPFI_ (,I 1=-A I F!. (,!) _','Fr,

JA= j A/3

I
I

I

I

I
I

86 o

861

86 2

PUt,ICI-! 860,.IA

FORHAT ( 1"4'_

I F (.IA'_,q6 I 8g,,., 86 "1
i,

90 86.3 ,I=I,JA

PIJtlCF!I,PLI.{ i', DT[.I.t',I) BY2L(.I) F'_Yi(,I) BG2t (J) PPI_(.I_
'_ " ; " P " P "" • • _ - - • 11, •

PIII,IC_]I,,FFI.(.t), A I FI (,I)._£DD (,I)_, EPFt.(.I)

DI!I. PH1 EE,T(_. BT1 FO P,C1 FG
. _,.; .11 P _ . _

Pl P2P Ut'ICH 1 _''HS:, Pl I _ !tC s,PX, ' s,

P2 P/_,PS,P7 BP ,_[.P#!Jt,lC!!1, ,. , ,

Pt!t,]Cft!, f}q2, A2j, 02, AY2, AY', BY2

I
I

I

P!JqCt'I 1, DY2, BY j, AI_Y, PT, AS =,FK

P!.!HC!I 1, XA, RG',_ !F ,_/Q ,_J'T _,_,.7!,1

P IJt,ICt{ 1, X;( 1 ,_XX2_, ,,v", .',(;'1_ q t,'L, DOI, ' t\ :\.:_ 11 ID "" _ - --

P!J!4Ctt 1s,RP, FR _,PF,CO It.g, AP

PIINCH 19 A ! HI__ CD_ EPHI., FHI._, PL _,PI.T

i

I

I
I

802

835

833

PAUSE

t r(AI (!4A)-X)830,831,8:_l

NA -'=!4A+3

IF(AI (_4.a.)-'() 833,83 4,834

NA=',IA+2

60 TO 8:45



28

e34 AX=AI (tIA)

BB I==A! (.'IA-2)

.r)c=AI(NA+I)

n=Al (TIA-I)

XX= (AX-BR 1)/(. 4.34.3"_(I.O_(DC)-LOr_ (_-,,-.C)PO1) ))

Y=AX-XX** 434? -'d.OG (DC)

AT=EXP(2.30(,*(X-Y)/;_X)

nn TO (838,832),I.OAf)

838 GO TO (8O6,807,8o_,80.9,810),K

83 ? JA=JA-',-I

GO TO (841,81_-2,@4-3),K

830 GO T() (836,837)_ I 'OAD

836 PRIHT 850.,

850 FORHAT (17HIi.ACHIHE SATIJ_-LATED)

PAUSE

E ND

I

I

I

I

I

I

I

I

!

I

I
I

I

I

I

I

I

I

I



I
I

I

I
I

I

I
I
I

I

I
I
I
I

I

I
I

I

I

PAS£
./

I t41:' ("..... I1,)

.D IHEHS

P I!_E!IS

9(_I FnR_A T (

_,_O FORHAT

I ();,!

!014

I{)T,I

705

FnRt!A ,"r.

9o 7o5

PLL(N)=O

':'TLL (q) =0

BPI..(N)=O

B_2L(N)=O

BYL (t,l) =0

BY2L(N)=O

FFL(t,I)=O

AIFL(tl)=O

CDD(t,,)=O

EPFL (t,l) =0

FCUL (t,l)=O

WNL(N):O

STTL (l,I)=O

SCUL(N):O

EDDL (t,l):O

TOTL (I,l)=O

PEFF(N):O

READ860p JA

702 DO 7o_

READI

BP[. (4.), BG 2L (h.), FFI. (4.), A! FL (4.), CDD (4.), EPFL (4.), FCUL (4)

Wt_I.(I.,.),STTI.(4),,SCIJ!.(4.) ,EDDL(4.),TOTI.(4.). PEFF (4.),GB(4.)

PL!. (-_"), PTLI. (4-:), BYI. (4.), BY 21_(4-)

F11oS,SX F11.3,F11.3,F11.3,F11.3)

(I_

(E! Io 5, El Io 5, El !o5, El Io5, El I. 5, El 1.5)

I,!=1 ,L_

IF(JA) 702,703,702

d:1, ,IA

,PLL(J) sPTLL(J),BY2L(J),BYL(,I),BG2L(J) sBPL(J)

29



8O

7 o4

7o3

/ 'it

% .

7114

709

710

7O8.

READI

READI

REAPI

RE_nl

_EA51

READI

REA91

qEA_I

REACt

_F..\DI

,FFL.(,J), A! Ft.(.!),cDr)(,'), E°FL(,I)

_EE,TG, 13TI_FQ, BC I,FG

_!-!S_L!,FIC, PXp PI ,m2

r_! ,:,l, P5 p7 BP ALP

,?_G _ A2,fi2p AY2,AY, BY ')

DY2, BY, ALY, pro,AS, FK

VA oG ;t F _tO,_,T ,,rt!_1 " _II _'. " _1 ''

v, vvo ,,,,-. '(71_ Si!l o(1l_.., (1p.,_,.,r._.,._-_ , _ ._,: .

,R_,_R ,PF,CF_!L£,AP

,AI_!!.,CP, E-_!!I.,FHI-,°L, DLT

IF(<tl' _707,7o( 707

pII!!C!?I,TC,RTI,FO._BCI ,FC-.,HS

D" _C PX,Pl P2 P:',PlY. !C!'J,!, ' I i ' I ' ' "

_'1'"_1 P4 P5 P7 AP,ALP,A2

U!.!C_1,.r:.2, AY, AY 2, DY 2, AL v ,CO !tS

P[!I,ICt-t 1, EE

FEI.=.-A I !,!I__'_A! "I.:'_F K

T L:=F E l.-.q _T '.-_,'.n_._4!t,l-,-__F

A ,.q;(= 0

IF(JA)7

IF (,_ A-_

IF (P()I._

.IA=JA-1

GB(1)==I,,

GB(2)=I .5

GB(3)=2o

GB(I_) =POI.

OO 711 K=I,JA

YB=GB(K)

14,712,714

) 7o;, 7n9,7,o_

7o,!,71o,7o8

I

I

I

I

I

I

I

I

I

I

I

I

I

i

I

I

I

I

I
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I

'1
I

FCUL (K) =AI FI_ (K)**2*FR

STTL (K) = ( ( oO0 27,,XA:'_YB)**2*2 o.4-1. )*_JT

WNL (K) = ( ( XXI_'."Y B ) -'.',':2-',. 1° ) "_':tJH

SCIJL (K) =XX 1*P P:':Y B

EDDL (K'_ =SCI IL (K) *,'{X 2

I
I

I

711

712

958 PR INT961

PR I NT.961

TOTI. (If,) =EDDL (K) +SCt q. (K) -.'-_.'I4L (K) +STTL (K) +FCUL (K) +WO+WF

PEFF (K) :XX3WYR* 100o / ( XX3*YB4-TOTL (K))

IF (POI_) 958,959,958

,PI.,PI.L(1),PLL(2),PLL(3) ,PLL(4-)

,PI.T, PTI.L(1), PTt.L (2), PTLI.(3), PTLI.(4)

I

I
I

PP.I!,IT961, BP, BPI.( 1

PR ! NT!)(i 1, Be2, BG21.

PR I NT.96 1, BY, BYI.(

PRI MT96 I,BY2,BY21.

PR I !!T'.)6 1, F !,II_, FFI. (

), BPI.(2), BPI.(_), BPL(4-)

(1), Bc2t.(2), B62L(3),BO2I.(L: -)

1), BYI. (2), BYL (3), BYt. (Z._)

(1), BYZL(2), BY2L(3),BY2t.(I.)

1),FFL(2) ,FFL(3) ,FFI.(6)

I

I

I

PR ! NT 96 1

PR I NT 96 1

PR I tiT96 1

PR I NT 96 1

PR I fiT 96 1

,AI _4L,AI FL(I) ,AI FL(2) ,AI FL(3), AI FL(4)

,CD,CnD(1),CDD (2),CDD(3), CDD(h)

,EPNI.,EPFL(1), EPFL(2), EPFL (3), EPFL (4)

, wq, wq, wq, _lQ, wq

,WT, STTI_ ( 1 ), STTL (2), STTL (3), STTL (4)

I

I

I

PR I t4T96 1

PR I MT96 1

PR INT96 1

PR ! IIT96 1

PR I NT96 1

, ABX, SOUr. ( 1), SCUL (2), SCUL (3), SCUI. ( _Ill)

,ABX, EDDL(1),EDDL(2) IEDDL(3),EDDI_(4)

, _"/t], WNI. ( 1 ), _.,ll41.(2), WNL (3), Wr4L (1")

,FEL,FCIJL(1),FCIJL(2),FCUL (3),FCUI-(4)

,WF, WF, WF, WF, _.JF

I PR ItiT96 I, TI.,TOTI. (I), TOT[.(2), TOTL (3), TOTL (/4)

PR ! tiT961, ARX, PEFF ( 1 ), PEFF (2), PEFF (3), PEFF (4)

I

I

PAUSE

953 _R INT96 I, PI.,PI.L( I), PLI.(2), PI.L(3)



32

.. PTI_I_pR ! ' r'?,) 1 , PI.T, _

r,l,,-,-q61 BP npl.(1

. , _f';,.2 q_;DR I "_9(i,, 1,

PP. ! "T'.)61, _Y, RYI.(

B_,I.!T,_FI,qY2 _V2!.! , , /_) p

I. -,,1 F'!L _Fx f

..... , .,.,, ,61'11 Alr

pp. ! p" ,-_"• • ! .2'. :

n R I _r_"cv:,, _ ./ ]

Pr_ I' T ''_'

PR 1'-l'r °,(_! p._ " _/'T, S"TI. (

PP. I _!T?6 1, A ,.,,":.CI!l.

Do '"9:;I #,_ r--_ip.,, ,: , X,, .... .1_

• ,_' l,t,!,_,,![.(1PF' qT.),_l, .. ..

Dr,, ,-

PR

PE

PR '.IT')6 1, FEI., FCt!L

,T961 "F,_'r:" _,c",,_ p,, , p .

• _'[.L/2'_ p'rLL('_'_(1), .... , .... ,

(1 _ qr:o, (2), .........• ., ..... ,rl,n_l (:g'_

,ivl /")_ _,fL.t'-,'_

• qY"_ (2_ ".,Y2L ''''_(1_, ....... ., ,,• • - .

I_ FFI f2 _ Frl fq'_

t'1'_ hlr[.( _'_ ^IFL(")I.,, p. . ; .-;

1, CD, C_p. ( 1,,, r.nh (,->_ ,.,r,p (-, _- , .. - • '-/ I_ """ ' ,'_" ,

!_:.r:r_lt.,Er_rl.t'1_,, .":PF[.(2_.. ,EDCl..,_fq_..'

1 1} ' -P : --_ ,- ' '

,:'rT_ t'2_ q'rTI (:',_1),. ..... -., .....

(I),.qr.!.'L(2),Fg,.q.(/:)

(I _ ,:'nr,_"2_ EDF)L(_,)

; / L -, " " - . ,

_F

'IT[)Cil,TI.,TO.TI.(I),Tr)TI.(2) ,T()TL (3)

,,-,-,-_: /_,){ O_rF(1' r)f:FF(2'I,p_'FF(Z',)

PA I.,g [."

E _Ir_

I
I

I
l

I
I
I

I

I
I

I

I
I

I

I

I
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I
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I

I

I

I

PA_S

1

888

878

_79

823

024

8 O6

10

n!HE!_SI()I_ A!(.90)

FORHAT(E11.5,Ell .5,E11.5,E11,,5, E11.5,F11.5)

FORHAT(FIO°O, F 10oO, F 1OoO,F 10o0, F 10.O,F10.0)

FORHAT(F12..5.F 12.5,F 12o 5, F 12.5, F 12.5,F 12.5)

FORHAT(F12o5,F 12.5,F 12.5,F 12.5,FI2.5,F 12.5//)

K=I

READO88,AI (K),AI (K÷I),AI (,K+2),AI (K+3),AI (K+4),AI (K+5)

K=K+(_

IF (K-_9)823,824_824

READIpTGsBTI_FQ_BCI ,FG,HS

READI ,DU,HC, PX, PIpP2_ P3

READI, P4,P5_P7, AP_AI.P,A2

READI _G2p AYp AY2_ DY2_ ALYp CO ILS

READ I_EE

COREL=3. 1416,*(DU-HC)/(I_.*PX)

LOAD=I

_'B=.8

aO 800 _,!=I,9

R I=BT I*YB

R2=FQ*YB

R3 =BC I*YB

R4=Ffi_YB

R5=EE*YB

X=RI

NA= I

K=I

GO TO 802

FT=HS*AT

88



34

807

X=R3

K=2

!iA=l

GO TO 802

FC=COR EI.';I_AT

I

I

I
FS=FT4-FC

DI_:= (RI:.-,-F S ) *( D 1+P 2-_P34-P/'-) *.no2

PLT=R2.-,-P L/PX

BP::P!.T/AP

X=BP

I

I

I
. "34A=.;_1

K=3

GO TO _]02

C _ FP=A!.P:,"AT

PL7=. O01 :_P7" (F C4-FT +RI_-_F P )

PG 2:-.PI.T*P,'(/2 .-,-.P 1.7

BG2=PG2/A2

I

I

I

814

FG2=BG2-_G2/.OO319

I F (C()11.!;-1 ,.)811t,I',' 15,81z:

P L 5= .OO 1*P 5* ( FG 2+F P+RIw-F T +F C

BY2=(PG2+P!_5)/AY2

GO TO ,£16

I

I

I
815 BY2=PG2/AY2

816 K=4-

MA=61

GO TC) [102

809 FY2=((DIJ-DY2)/(io):',AT

I

I

I
I F (CO I I._-1 . _817,81!!, , 817

818 PL5 =. ()O 2";"P5" (FG2+FY2+FP-,--R4+FT+FC)
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I

i
I
i

i

I
I

I
I
I
I

I

I
i

I

I

817

10

_oo

802

831

835

833

834

838

839

830

836

85o

BY=(PG2+PL5) IAY

NA=61

K-5

GO TO 802

FY--AT*ALY

F NL= (FY+FY 2+FG 2+F P+R4_-FT+F C )*2./CO IL S

PRINT878,R5,RI,FT,R3,FC,R4

PR INT879, PI.,PI.T,BP, BY 2, BY, FIIL

YB=YB_-o 1

PAUSE

IF(AI (NA)-X)830,83 1,83,

NA=tIA÷3

IF(A! (t,IA)-X) 833,834,834

NA=NA+2

GO TO 835

AX=AI (NA)

BB I=A! (t,lA-2)

DC=AI (I,IA+ 1)

D=AI (NA-1)

XX= (AX-BB1)/(.434-3*(l.O_(DC)-LOG(D+.OOO1)))

Y=AX-X X* .43 43*LOG (DC)

AT=EXP(2.306*(X-Y)/XX)

GO TO (838,839) ,LOAD

GO TO (806,807,808,809,810),K

JA=JA+I

GO TO (841,84-2),K

GO TO (836,837),LOAD

PRIt,IT 850,

FORMAT ( 17HMACH I HE SATURATED)

35
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I
THE SINGLE-COIL, OUTSIDE- COIL LUNDELL GENERATOR

I
I

I

The single-coil, outside-coil, Lundell generator is a variation of the

same machine discussed in the section titled Two-Coil, Outside-Coil
I_nnde 11 Generator.

The rotor and stator of the single-coil machine are identical to those

of the two coil configuration. Leakage permeances around the stator
and coil are different and the flux circuit is different. There can be

only one long single loop or circuit for the flux of the single coil

machine and there are two series loops for the two-coil machine.

I The single outside coil Ixmdell probably should be used if the generator

has only two poles. In the single coil configuration, there is no direct

I flux circuit from the stator into the and the flux in theyoke air-gap
over each pole is more nearly ea ual. This reduces but does not

eliminate the possibility of a rotating couple due to unbalanced pole

I fluxes.

i There are two ways the two-pole I_nndell can have an unbalance ora rotating magnetic couple on its rotor. In the two, outside coil
I.nndell, if the stator is mounted in the magnetic steel housing,

i there are two possible magnetic paths through the stator. Shownschematically, the two paths look like this -

I Mm F" D_'oP _ _F "D_P

I

I

_ _mF _mF

m_oP _R_P
I

lC



2 c • I

I
If the two fluxes are equal, the magnetic attraction between each a
rotor pole and the stator are equal. If the fluxes are different i
values because of different numbers of coil turns, varying magnetic

li

permeability of yoke mad end bells, difference in lengths of the •
auxiliary air-gaps, etc., one pole will have greater attractive i
force between it and the stator than the other pole has between it

and the stator. This causes a rotating unbalance that increases •
with an increase in excitation. a

If either the two-coil or single-coil, outside-coil Ltmdell is mounted •
in the housing with a large air-gap or non-magnetic spacer between g
the stator back-iron and the housing or yoke, the flux cannot easily

cross the non-magnetic space mad the flux in the two poles is more •
certain to be equal. In this case, the possible difficulty with rotor n
dynamics may be a rotatLug couple caused by the effective magnetic

centers of the two pole_being in different planes of rotation, i

Non-Magne tic

I

i

-- Shaft -'_....

I
I

I
A two-pole Lundell generator with the excitation-coil external to the
rotor can be built with the flux collector section of the shaft on the

same diameter as the rotor diameter at the pole surface. This con-

figuration is shown in the sketch above. The configuration causes a
maximum amount of fringing flux to enter or leave the stator at the

bases of the cantilevered poles and from that cause alone the magnetic
center of the pole must shift away from a plane through the center of

the stator.

I

I

I
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I

I
I

I

Ifin addition, the poles axe made trapezoidal as is commonly done

in hmdell generators, the magnetic center of the pole is shifted away
from the center-plane of the stator because of the markedly different

amounts of flux passing from the pole to the stator on each side of
the centerline of the stator. The combination of these two causes of

displaced magnetic centers can cause a large rotating couple that
varies with variation in excitation.

I

I

I

APPROX
MAGNE_
CENTEt

OF THE STATOR



4c

I

I
If the flux-collector section of the shaft is made appreciably smaller •
in diameter than the surface of the rotor poles and in addition if the I
poles are made rectangular in shape, the dynamic unbalance can be

made to be small and conceivably can be made as small as desired, I
Rotating couples in such a case would be eliminated at the expense

of increased weight.

I

,
_\ _--_. x_X..x.--x-_"_ K-X--_'_[.X>_T--

__ __ I-- Non-Magnetic " '
Shaft _---

t
I

The sketch above shows the step-down shaft in the flux collector

region. This reduces fringing flux at the base of the cantilevered
pole and reduces the shift of the magnetic center of the pole away
from a plane through the stator centerline.
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I

I

I

APPROX.

,,\ _.MAGNETIC
......_" CENTERS

EDGES OF THE

STATOR

The sketch above shows the two poles made rectangular. The poles

can be shaped so that no appreciable shift of the poles magnetic
centers will occur.

I

!



- See the section titled Two-Coil, Outside-Coil Lundell for the computer

input and output sheets for both two-coil and single-coil machines.

See the same section for the symbol list, tables and material characteristics
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i
SINGLE-COIL, OUTSIDE COIL LUNDELL

i

I

i
i

I
I

I
i

I

I
I
I

I
I

!

I

(1)

(2)

(3)

(4)

_

i

]

i

<.5)

(Sa)

(=)

(9)

(9a)

(10)

KVA

E

EpH

ITl

P

RPM

IpH

P.F.

K c

DESIGN NUMBER - To be used for filing purposes

GENERATORKVA

LINE VOLTS

Y
PHASE VOLTS - For 3 phase, _connected generator

(Line Volts) _ (3)
EpH =

A
For 3 phase, _connected generator

EpH = (Line Volts)= (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR- When P.F. = 0. to. 95 set K c - 1. ;

whenP. F. =.95to 1. setK = 1.05
C

LOAD POINTS - The computer program is set up to have the

0. %, 100%, 150%, 200% load points as standard out-

puts. There is an additional space available on the

output sheet for one optional load point. This optional



(11)

(lla)

(12)

(13)

(14)

(15)

(16)

d

dr

D

nv

by

Ki

load point will be the designer's choice and can

be selected anywhere in the range of 0 to 200%

load. When an optional load calculation is re-

quired, insert the per unit load value on the in-

put sheet. The optional load point will be cal-

culated in addition to the standard points listed

above. For example, insert . 33 on the input

sheet when the optional load calculation for 33%

load is required in addition to the standard

points.

If only the standard points are required, ins¢,rt

0.0 oll the input sheet and the optional load colu:,m

will be blank.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches.

ROTOR O.D.- The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing iv. inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, the burrs due to

slotting, and the deviations in flatness. Approxi-

mate values of K i are given in Table IV.
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I

I
I

I

I

fiT)

(18)

5

THICKNESS OF
LAMINATIONS

(INCHES) GAGE Ki

• 014 29 0.92
• 018 26 0.93
• 025 24 0.95

• 028 23 0.97
• 063 .... 0.98
• 125 -- 0.99

TABLE IV

SOLID CORE LENGTH- The solid length is the gross length

times the stacking factor. If ventilating ducts are

used, their length must be subtracted from the

gross length also•

)_s = (Ki) (2)- (nv) (h v) = (16) (13)- (14)(15)

MATERIAL- This input is used in selecting the proper m.ag-

netization curves for stator;

yoke; p,N_ pole; when dif-

ferent materials are used. Separate spaces are"

provided on the input sheet for each section men-

tioned above. Where curves are available on card

decks, used the proper identifying code• Where

card decks are not available submit data in the

following manner:

The magnetization curve must be available on semi-

log paper. Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density. Re-

cord the coordinates of the points where the

3



(19)

(20)

k

B

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

©

°b-4

h0

¢9

6O

5O

4O

30

20

i0

0

!

I
!
I

L

Max.

Poini Sample

Input Data

Densit_x NI
Straight Line

Segment 1) 55 Max.

3) i0 _. 5
4) 27 _,. 9

_rsection of 5) 32 '2.5

_------ Straight Line 48 9.0
Segments 8) 55 i 2.0

ght Line
Segment

Ampere Turns Per Inch

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density used

in Item (I9) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in 2.

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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I

(21)

(22)

(23)

(24)

1

2

3

4

5

.

bo

bl

b2

b3

bs

ho

hl

h2

h3

hs

ht!

hw

Q

h a

TYPE OF STATOR SLOT - Refer to Figure I, Page

for type of slot.

For (a) slot use I. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DLMENSIONS - Given in inches per Figure l,

Page Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

STATOR SLOTS - Number of.

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.



!
6

I
Due to mechanical strength reasons, h c should

never be less than 70% of hs. I

(25) q SLOTS PER POLE PER PHASE I

q_ (Q) = (23) I-(PT-_V (_) (_)

(26) Ts STATOR SLOT PITCH I

I s = _/'(d) = "tT(ll)

(127) i tsl/' STATOR SLOltion. PITCHForslot- 1/3(a),distance(b_(c),UUand[r°rn(e) na_:rowe_l :%:ec- I

I Silo = _" -" ,_
(Q) ' (23)

For slot (d) ........ I

7[_(d) + 2(h O) + 1.32(bs)j=

(oJ _ |
"k'['(11) + 2(22) + 1.32(22)']

- (23) .... ,, I
(28) TYPE OF WINDING -Record whether the connection is wye"

of "delta". For "wye" corm use 1. for input. For i

"delta" use 0. for input, f

(29) TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use 0. I

for input. For formed coils use 1." for input. I

I

!
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I

I

I
I
I
I

I
I

I

I

(30)

(31)

(31a)

(32)

(33)

(34)

ns

Y

C

NST

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80%. Where space factor is the

percent of the total slot area that is available for

insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot 1 and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole

pitch. This value must be between 1.0 and 0.5 to

satisfy the limits of this program.

_- (y) : (31)
(m) (q) _5) (25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For

7

I



(34a)

(35)

(36)

(37)

(38)

N'ST

db

,_e2

lIST

!

hST

example, when the space available for one conductor

is .250 width x .250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

one tt°ne
For a more detailed explanation refer to section

Effechve Resistance and Eddy Factor" intitled "

the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTOR - This nu,_._ber

applies to the strands in depth anck'or width :_:_-_,._

is used in calculating the conductor area. Itam

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PLN -in inches - This pin is used

in forming coils. Use .25 inch for stator O.D.<, 8
inches use .50 inches for stator O.D,P 8 inches.

COIL EXTENSION" BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor calculations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF STR/i.N'DS IN DEPTH

in inches.

I

I

I

I
I

I

I
I
l
I

I

l
I

I
I

I

I

I

I
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I

I

I

I

I

(39)

(40)

(41)

(42a)

(43)

KSK

K d

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

) (6)

SKEW FACTOR - The skew factor is the ratio of the volt-

;:_ge induced in the coils to the voltage that would

be induced if there were no skew.

When _SK = 0, KSK = 1

J"ff _ ,SK _ , i I
_i.l_=-_ s 17_(4o)t

-_K- _(_SK ) -

2tTpy

PHASE BELT ANGLE - Input

For phase belt angle = 60° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voltage induced in the coils to the

voltage that would be induced if the windings

9
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were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Kd =
Sin 30 ° = Sin 30 °

(q) Sin_30/(q)] (25)Sin_30/(25)_

For 60 ° phase belt angle and (q) / integer = N/B

reduced to lowest terms.

When (43a) = 1 and (25)f integer = N/}3 re,:,_.ce(-_

to lowest terms

K d =
Sin 30 ° Sin 30 °

(N) Sin [30/(N)] (43) Sin _30/(43)]

For 120 ° phase be]t angle and (q) = integer

When (43a) = 120 and (25) = integer

Kd = Sin 60 ° = Sin 60 °

2(q) Sin [30/(q)] 2(25) Sin_30/(25)]

For 120 ° phase belt angle and q/ integer

When (43a) = 120 and (25)/ integer = N/B re-

duced to lowest terms

K d = Sin 60 ° = Sin 60 °

2(N) Sin [30/(N)] 2(43) Sin _30/(43)]

I

i
I
i

!

i
!

I
I

I
I

I
I

I

I

I

I

I

I
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I
(44)

(45)

(46)

Kp

n e

a c

11

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics•

Kp= sin__x90°_ = sin_L__x90°_
U_: _J

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

(Q) (ns) (KP) (KsK) (23)(30)(44)(42)

ne _ ) (32)

CONDUCTOR _AREA OF STATOR WINDING in (inches) _' -

The actual area of the conductor taking into account

uhe corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

If (39) = 0 then a c =

If (39) /_ 0 then a c =

depth) - (.858 rc2)]

where

•25 '(Dia)2 =. 25v(33)2
.9"

(N'ST) [(strand width) (strand

= (343)_33)(39)- (.858 re2 _

.858 rc 2 is obtained from Table V below.

(33)

• 000124

• 188 • 189 (33) .75 (33) . 751

• 000124000124

• 072 . 000210 . 000124 . 000124

• 125 . 000210 . 00084 . . 000124
.003350.165 •000840 .00084

.225 •001890 •00189 •003350

.438 -- .00335 •007540
-- .00754 •01340

• 688 { • 03020 • 03020

TABLE V
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(47) S S CURRENT DENSIT___ Y -Amperes per square inch of stator I

conductor

S.._= (IpH) = (8) I

_" _=_ I
(48) i END EXTENSION LENGTH in inches - Can be an input or

output. IFor L E to be output, insert 0. on input sheet. I

For LE to be input, calculate per following:

LE When (29) = 1. then: i

When (29) : 0. then:

_..r, , ,. D ,_1.3 If (6): 2\ _- -1 I
L -- .5 4 KT-r/-(Y)_d)+d_s_ = .5+ii.5 If '(6) = 4'_,_(31)_(11)+(22)i
E -----6--...... u. 7 If (6/- _ _ _ I

q F T_
L E = 2_e2 +77" -_-* dla i+ ff

u J Lv,_-_j I

(49) 1/2 MEAN TURN - The average length of one conductor in I

inches. I
_t = (,_) + (LE) = (13) + (44)

(50) o¢.. STATOR TEMP °C - Input temp at which F.L. losses will I

be calculated. No load losses and cold resistance !

will be calculated at 20°C.

I

!
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I

I
I

I

(51)

(5 3)

(54)

(55)

fs

£1k._,

hSPHI

RSPH

(hot)

EF

(top)

13

RESISTMTY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.

1 ohra-cir
29 ohm-cm ohm -in mil/ft

6. 015 x 1061 ohm-cm =

1 ohm-in =1 ohm-cir mil/ft =

1. 000

2. 540

1. 662 x 10 -7

0.3937

1. 000

6.545 x 10 -8

1,528 x 107

1. 000

TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at X °C in micro ohm-
s

inches

_(hot) ('_) [-(Xs°C) + 234" 5-j == [2- 254.5 (Sl)

STATOR RESISTANCE/PHASE - Cold @

i%SPH(cold ) = (_s)(ns)(Q)(_t)
(m)(ac)(C)2

50) + 234.5-]

254.5 J

20°C in ohms

x 10-6 = (51)(30)(23)(49)xiO

(5)(46)(32)2

STA'FOR RESISTANCE/PHASE -Calculated @ X°C in ohms

RsPH(hot) --
(g hot)(ns )(.Q)(_t)

(m)(ac)(C)2

x 10-6(52)(30)(23)(49) _j0_

(5)(46)(32) 2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = 1
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(56)

(57)

EF
(hot)

btm

I

t5 _-N2-1]Vh:t_]21 [____ __

I

L_)(pAo_j I

= 1 84 + _-6-2L(37)(4_ 2._-. 35 x 10 -3

__ _ I

EDDY FACTOR BOTTOM - The eddy factor of the bottom

coil at the expected operating temperature of the

machine. For round wire EF(bot ) = 1

• I]hst) (ns} (f)(ac_}_ 2 x

EF(bot ) = (EF(top)) - z'677 L(bs)(Pshot) _j z°-3

_37) (30)(5a)(4_.1
-(55)-1.677 __ --__ 10-3

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I

btm- (Q) (bs) = (23) - (22)

For slot type (c), Figure I

btm = (Q) - 0)3)= (23) - (22)
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I
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I

I

I

I

I

I

I

I

I

I

I

l

I

I

I

(57a)

(58)

(59)

(59a)

(60)

bt 1/3

bt

g

g2

CX

15

STATOR TOOTH WIDTH - 1/3 distance up from narrowest

section

For slots type (a), (b) and (e)

bt 1/3 = ('Us I/3) - (bs) = (27) - (22)

For slot type (c)

bt 1/3 = btm -- (57)

For slot type (d)

bt i/3 = (7"1/3) - _(bs) = (27) -.94(22)
3

TOOTH WIDTH AT STATOR I.D. in inches -

For partially closed slot

'_7"(d) bo =bt:_-

For open slot

77(11) _ (22)
(23)

__ 77"(11)bt : - bs : (23) - (22)

MAIN AIR GAP in inches

AUXILIARY AIR GAP in inches

REDUCTION FACTOR - Used in calculating conductor per-

meance and is dependent on the pitch and dis-

tribution factor. This factor can be obtained

from Graph 1 with an assumed K d of .955 or

calculated as shown:
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( )

(Kx) _ (6_)

Cx - _2 (44)2 (43f

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current in

coil sides in same slot

For 60 ° phase belt windLng, ie when (42a) = 60

r 1K X = I/4 3(y) + I where 2/3 _ (y)/(m)(q) " 1.0

[(m)(q)

K X -- 1/4[ 3(31) _ where 2/3 _" (_la) _. L(5)(25)+ = --i.0

or

U , ,q/

KX _ 1/4 t" G(3).) _ !_lwhere i/2 _ (2!a) _; 2/3

For 120 ° phase belt wimdng, ie when (.42a) = !,20

K X = .75 when 2/3 _ (y)/;(m)(q)

K x = 75 wher_ 2/3 _• = (31a)

or

KX =. 05i2m_- l]where 1/2
-_<_< /3- 2

KX = "05E_ -I where 1/2 =_ (31a) _ 2/3

CONDUCTOR PERMEANCE - The specific permeance for the

portion of the stator current that is embedded in the

iron. This permeance depends upon the configuration

of the slot.

(a) For open slots

20 _b2)+ (hl) @t)2

_- (Cx)__0 BXB_+16(T.)(g)

I

t

I

I

I

I

I

I

l

I

I

I

I
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I
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I
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I

I
I

I
I

I
I

I
I

I

=

0o) For partially closed slots with constant slot width

2(h t) (hw) (h 1) (bt)2

_.o_= (6o)(5)(25) 2(22)+ (22)4 (22) +
(22) (s8)2

(c). For partially closed slots {*.a i_¢_-ed s,de_)

2(ht) _.(_w) (hI) (bt)2

+coo)+_) +_,_--_+3-_+_s(r_)(g)+

20 _22) 2(22) .z(22) (22) (58)2

_i = (60)(s)(25)_ + (22)+(22)*_zz-_,__-_ + _ +

(d) For round slots

(e) For open slots with a winding of one conductor per slot

17

-35(btq

.3s(s8)_

(26) j

- 35(btq

c_U

•3_(58)_

(26) j
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(63)

(64)

(65)

KE LEAKAGE REACTIVE FACTOR for end turn

Calculated value (LE)

KE = Value (LE) from Graph 1 (For machines where (11)>8")

where L E = (48) and abscisa of Graph 1 = (Y)('ffs) = (31)(26)

=_alculated value of (LE)

KE _Value (LE)from Graph 1

(For machines where (11)<8")

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

The term | 2n | is obtained from Graph 1.
L._.

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol origin is included on Graph !.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = . 321(ns)(Q)(ac)(_t) = . 321(30)(23)(46)(49)

NOTE: This answer is given in lbs. based on the density

of copper. If any other material is used, the answer

on output sheet can be converted by the designer by

multiplying by the ratio of densities.
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I

(66)

(67)

(68)

(69)

(70)

K S

ge

Ag2
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WEIGHT OF STATOR IRON - in lbs.

#'s iron=. 283 ((btm)(Q)(_s)(hs) + 7TI__) - (hc)- ] (hc)(_s)_

CARTER COEFFICIENT

(For open slots)

(26) 5(59) + (22)]

Ks- (26)1-5(59)+ (22)-]- (22) 2

K
S

_ E._(_)+-_o)_
% [_.44(g)+.75%_-%)2

(For partially closed slots)

(26)5.44(59) +. 75(22)-I
K s =

(26) 5" 44(59) +. 75(22)_ - (22) 2

MAIN AIR GAP AREA - The area of the gap surface at the

stator bore

Gap Area = lr(d)(_)= ;r/'(ll)(13)

EFFECTIVE AIR GAP (MAIN)

ge = (Ks)(g) = (67)(59)

AREA OF AUXILIARY AIR GAP

Ag 2 = _(dg2)({Tg2) = 7T(87)(87)
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(71)

(72)

C1

CW

THE RATIO OF MAXIMUM FUNDAMENTAL of the field

form to the a_i maximum of the field form -

This term can be an input or output.

to be output insert 0. on input sheet.

to be input, determine C1 as follows:

For C 1

For C1

For pole heads with only one radius, C 1 is ob-

tained from Curve #4.

embrace" (oc) = (77).

The abscissa is "pole

The graphical flux plotting_

method of determining C1 is explained in the sec-

tion titled "Derivations" in the Appendix.

W_NDING CONSTANT- The ratio of the RMS line voltage for I

a full pitched winding to that which would be
!

introduced in all the conductors in series if the

density were uniform and equal to the maximum I

value. This value can be an input or output.
t

For Cw to be an output, insert 0. on input

sheet. For Cw to be an input, calculate as I

follows:

(E)(C1)(Kd)

CW = (_(EpH)(m)

(3)(71)(43)

I
Assum}ng K d = .955, then CW = .225 C 1 for thre

!

phase delta machines and Cw - . 390 C1 for thre_

phase star machines.

!

I

I

f

I

I

I
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(73)

(74)

Cp

21

CM

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. This ratio can be an

input or output. For Cp to be an output, insert

0. on input sheet. For Cp to be an input, de-

termine as follows:

For pole heads with more than one radius Cp

is calculated from the same field form that was

used to determine C1, and this method is des-

cribed in the section titled "Derivations" in the

Appendix. For pole heads with only one radius

Cp is obtained from Curve #4. Note the cor-

rection factor at the top of the curve.

DEMAGNETIZING FACTOR- direct axis - This factor can

be an input or output. For C M to be an output,

For C M to be an in-insert 0. on input sheet.

put, determine as follows:

(oe) 77" + sin_(oe)_
CM

- 4 sin[(oc) "_/23

(77)'//" _ sin_77)_

- 4 sin[_(77) _/23

C M can also be obtained from Curve 9.
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(75)

(76)

Cq CROSS MAGNETIZING FACTOR - quadrature axis - This

factor can be an input or output. For Cq to be

an output, insert 0. on input sheet. For Cq to

be an input, determi.ne as follows:

Cq : s-_n _(oc;-@72j sm[(_)TT?/valid for4
_ _concentric

r -liP °les.

1/2 cos L(77) rq2] 4-(77)V - sin_77)'_)

4 sin [(77) 77"/2_

Cq can also be obtained from Curve 9.

POLE DIMENSION LOCATIONS

bp2 - width of-_o-l-6- -
at edge of
stator stack

bpl - pole width at
terminus

 bp2\ . K.

$ TATO P,.

tp2 = thickness of

tpl = thickness of L 1 1_ i

pole at ter-

minus

_p = length of pole /
Figure 2_
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(77)

(77a)
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POLE EMBRACE

o< : %1 *%2: (7e) .(7e)
2(Tp) 2(41)

The next 13 items deal with the calculation of rotor and

stator leakage permeance. A number of

illustrations are included to help identify and

locate the actual path. This computer program

is set up to handle permeance P1, P2, P3 and

P4 in the following two ways:

1. P1 through P4 can be calculated by the

computer. For this case insert 0.0 on

the input sheet for P1 through P4"

. P1 through P4 can be calculated by the

designer. For this case insert the

actual calculated value on the input sheet

for P1 through P4.

Permeance P5 and P7 must be calculated by

the designer and the calculated value must be

inserted on the input sheet. This computer

program is not set up for the computer to

calculate these two permeance values.
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Permeance calculations P1 through P7 are

all based on the equation P = _ (area)

Wherez_ : 3. 19

Area = Cross-sectional area perpendicular

to

= length of permeance leakage path

Many of the equations used in this section are

taken from Roter's "Electromagnetic Devices.

Refer to the supplement at the end of this

computer design manual for an explanation of

each condition.

I

I

I

I

I

1

1
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I

(78)

T
dt F2
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ROTOR AND STATOR DIMENSIONS

._g2 = axial length of gap (g2)

dy2 = diameter of yoke (end bell section) at narrowest

section

dg 2 = rotor diameter at auxiliary air gap

_y - effective length of yoke

ty2 - thickness of end bell section of yoke

ty = thickness of housing section of yoke

L I

_C01L.
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(79)

(8O)

(80a)

(81)

(81a)

ap

P1

P2

_2

POLE AREA - The effective cross sectional area of the

pole

ap : (bp2)(tp2) - (76)(76)

POLE HEAD END LEAKAGE - This can be either 0.0 or

the actual value if available. Refer to Item (86)

for explanation. See Figure _- for location.

P1 3.19(bpl)(tpl)_ 3.19(76)(76)
- _ i (80a)

ffl - length of permeance path P1 and must be obtained

from design layout.

POLE HEAD SIDE LEAKAGE - This input can be either 0. 0

or the actual value if available. Refer to Item

(86) for explanation. See Figure _. for location.

P2 - 3.19 _p) _tp2) {- (tP 12 =

2 (81a)

_2 is the length of permeance path P2 and must be obtained

from design layout.

I

I

l

I

I

I

I

I

I

l

I

I

I

I

l

I

I

I

i
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(82)

(82a)

(82b)

(83)

P3

r3

r4

P4
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POLE BODY END LEAKAGE - This input can be either

0. 0 or the actual value if available. Refer to

Item (86) for explanation. See Figure q- for

location.

P3 - 6. 28 _ (bpl) _-(bp2 _n (r3)
4

= -_6"28 _ (76)+(76)_'_n4 " _(82a)

X The formula for P3 is taken from the supplement

at the end of this computer desig_/m_mual.

r3 - _1 -- (80a) = length of permeance path P1

r4 =(_1) - (_) - (80a) - (13)
2 2

POLE BODY SIDE LEAKAGE - This input can be either 0.0

or the actual value if available. Refer to Item

(77a) for explanation. Se_ Figure 4' for

location.

•:7

When (6) p 4

"_:'P'i- 3"197"/"(_p) ,_n _ (bpl) _(bp2) 1

3.19(76) _n _1 _. (76)_-(76)_- TT" 83

Where 2 = _p-L(bpl):(bp2)_= 41 __76)_ (76_
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(84)

(86)

1) 5

1) 7
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When (6) 4

1) 4 _ 3.19_i_(_7p) 23 _7n ,+ (bD1) E4" (bp2)_

- j3.19 (76) 3 J_n _1-{- (76) -t- (76)7r 2 (83)

The formula for 1) 4 is taken from the supplement

at the end of this computer design manual.

COIL LEAKAGE PERMEANCE - This permeance must _e

calculated by the designer and the calculated

value must be inserted on the input sheet.

Refer to Figure _ , which shows the location

of the coil. Use the supplement attached at

the end of this program to find the proper

formula.

STATOR TO FRAME AND ROTOR LEAKAGE PERMEANCE -

Refer to Figure 5_& for location. This per-

meance is actually broken down into three parts:

1)71 leakage to yoke; 1)72 leakage to shaft; 1)73

leakage to rotor pole. In this design manual,

the three permeances are added and treated as

a single leakage.

to 1) 7 as does 1)5.

The same condition applies

The designer must calculate

1)7 and insert the calculated value on the input

sheet. Refer to supplement for proper formula.
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(87)

(88)

(91)

(92)

OT

st

0p

The next set of calculations deals with the no load satura-

tion. The equations as set up in this section

can be used to calculate the complete no load

saturation for any voltage. When the no load

saturation data is required at various voltages,

insert 1. on the input sheet for "no load sat".

The computer will then calculate the complete

no load saturation curve at 80, 90, 100, 110,

120, 130, 140, 150 and 160% of rated volts.

When the complete saturation data is not neces-

sary, insert 0. on the input sheet and the com-

puter will calculate the 100% volts data.

TOTAL FLUX IN KILOLINES

6(E)106

0T = (Cw)(ne)(RPM) =

6(3)106

(72)(45)(17)

TOOTH DENSITY in Kilolines/in 2 - The flux density in the

stator tooth at 1/3 of the distance from the

mum section.

OT (88)
Bt = (,_)(_s)(bt :/3) = (z_)(Iv)(_a)

FLUX PER POLE in kilolines

Op - (0T)(CP) _ (88)(73)
(P) (6)

I

I

I

I

I
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(94)

(95)

(96)

(97)

(98)

S c

Bg

Fg

FT

F c
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CORE DENSITY in Kilolines/in 2 - The _m_ density in the

stator core

((_p) (92)

Bc - 2(hc)(_s) = 2(24)(17)

GAP DENSITY in Kilolines/in 2 - The maximum flux density

in the air gap

((_T) (88)

Bg = _(d)(_) - /7(11)(13)

AIR GAP AMPERE TURNS - The field ampere turns per

pole required to force flux across the air gap

when operating at no load with rated voltage.

Fg = (Bg)(ge)$_- (95)(69)]tW $
3.19 3.19

STATOR TOOTH AMPERE TURNS

FT= (hs)LNI/in at density(Bt_

= (22) I-Look up on stator magnetization _

given in (18) @ density (91) I[curve

STATOR CORE AMPERE TURNS

7_D) - (hc)_ ENI/in @ density of _Bc)_rc : _ 4(P) d

I'_12)- (24)_1_LOOk4(6) up on stator magnetization _

_urve given in (18) @ density (94) J

/
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(98a)

(99)

(i00)

(102)

F S

07

%

OpT

STATOR AMPERE TURNS, total

Fs = (FT) 4- (Fc) = (97) _-(98)

STATOR TO YOKE LEAKAGE FLUX - The

leakage flux from the stator to the yoke.

0 7 = _F c) "l-(FT) t-(Fg)t" (Fp) ] (P7) x lO-3

- _98) "l-(97) f (96) + (104) J 86) x 10 -3

The items to follow

calculated for variable loads.

calculations are at no load.

are to be I

The first set of
f

% nese calculations I

will then be repeated for 100% load. From then I

on any variation in load would be a repeat of

I
the 100% load calculations with the proper per-

cent load inserted. I

ROTOR LEAKAGE FLUX - at no load

-3

TOTAL FLUX PER POLE - at no load

0PT = ((_P) _ _ = (92){..

I

I

I

I

I
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(lO3)

(lo4)

' (108)

Bp

Fp

0g2
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POLE DENSITY - The apparent flux density at the base

of the pole. Note that no provision is made

in this manual for calculating the density in

the flux plate. It is, therefore,: important

to remember not to restrict the flux area

through this section.

Bp (OPT) _ (102)

POLE AMPERE TURNS - at no load. The ampere turns

per pole required to force the flux through the

pole and spider at no load rated voltage. The

no load pole ampere turns per pole are cal-

culated as the product of (_l_ times the NI per

inch at the density (Bp). Use magnetization

curve submitted per item (18) for rotor.

Fp = (_p) L NI/in @ density (Bp)_

I Look up on rotor magnetization

[.curve given in (18) @ denlsity (103)_

AUXILIARY GAP (g2) flux in ldlolines. -_
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(118)

.... _;_i.

L__,:,.,.!,i

(122)

(124) ,,_-

05

Bg2

Fg2

LEAKAGE FLUX THROUGH COIL

AUXILIARY GAP (g2) FLUX DENSITY

Bg2 - _ - (108)

AUXILIARY AIR GAP AMPERE TURNS

....(B 2) 3 . (122) (59a) x 103
Fg2 = _ (g2) x 10 3. 19

• . • : ._,i_(._,:'

AREA•0F ' ,END BELL SECTION OF YOKE AT SMALLEST

,, ..,,1: !

(
i

i

!

I

_:SEC_! ON i_:

_ (dTy2)(ty2)Ay 2 = 77"(78)(78)

Ay AREA OF HOUSING PORTION OF YOKE

(]2s)

,_" _:_"_'_ NOTE:

By2:i:" FLUX DENSITY IN END BELL SECTION OF YOKE @ N.L.

The flux in the yoke is equal _to the flux crossing

the auxiliary gap (g).

By 2 = _= (toS)
ray2) Ctz'O
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(126)

(126a)

(126b)

(127)

(127a)

Fy2

By

Fy

FNL

IFNL
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AMPERE TURN DROP IN END BELL SECTION-OF "IrOKE

@N.L.

Fy2 = L 6 J LNI/inch @

- I12)6(78)_ (Look uP on yoke magnetization curve @I

[_density (125)

DENSITY IN HOUSING SECTION OF YOKE @ N.L.

By : (0g2)+ (0(5) _ (108)+(,{8)

Ay (124a)

AMPERE TURN DROP IN HOUSING SECTION OF YOKE

Fy = (_y) [ NI/inch at density (By)]

=(78) FLook up on yoke magnetization curve @ density_

| J
h(i26a)

TOTAL AMPERE TURN DROP AROUND CIRCUIT @ N.L.

FNL : 2 _Fy)# (Fy2)+(Fg2) -b(Fp) _-(Fg) 4-(FT)_-(Fc) ]

- 2 _126b)4-(126)¥(123)_-(104)+(96)t(97)+(98)_

F_ELD CURRENT - at no load

IFN L = (FNL)/(NF) = (127)/(146)
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(127b)

(127c)

(128)

(129)

E F

SF

A

X

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no load

condition.

EF : (IFNL)(Rf cold) = (127a)(154)

CURRENT DENSITY - at no load. Amperes per square

inch of field conductor.

S F = (IFNL)/(acf) = (127)/(153)

AMPERE CONDUCTORS per inch - The effective ampere

conductors per inch of stator periphery. This

factor indicates the "specific loading" of the

machine. Its value will increase with the rat-

ing and size of the machine and also will in-

crease with the number of poles. It will de-

crease with increases in voltage or frequency.

A is generally higher in single phase machines

than in polyphase ones.

A = (IpH)(ns)(KP) - (8)(30)(44)

(C)(Ts) ( 32)(26)

REACTANCE FACTOR - The reactance factor is the

quantity by which the specific permeance must

be multiplied to give percent reactance. It is

the percent reactance for unit specific permeance

I

I
I
I

I
I
I

I
I

I
I
I

I

I
I

I

I

I

I
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(130) x._

39

or the percent of normal voltage induced by a

fundamental flux per pole per inch numerically

equal to the fundamental armature ampere turns

at rated current. Specific permeance is defined

as the average flux per pole per inch of core

length produced by unit ampere turns per pole.

100(A)(K_ 100( 128)(43)

-_ (C1)(Bg) x 103 = _(71)(95) x 103

X _--

LEAKAGE REACTANCE - The leakage reactance of the

stator for steady state conditions. When

(5) = 3, calculate as follows:

In the case of two phase machines a component

due to belt leakage must be included in the

stator leakage reactance. This component is

due to the harmonics caused by the concentra-

tion of the MMF into a small number of phase

belts per pole and is negligible for three phase

machines. When (5) = 2, calculate a-_ follows:

o.lid) | U / o.llil)l- L(b)_25)_l l
kB = _)%)L_ (i_) .__j=(6)(69) L (44) J

X_ : X_(Ji ) + (/kE) + (_B)- 1 where _B : 0 for 3 phase machines.

xz : (79)_(62)+ )64)+03o)_]
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(131)

(132)

(133)

(134)

(145)

Xad

Xaq

Xd

Xq

V r

REACTANCE - direct axis - This is the fictitious

reactance due to armature reaction in t_

axis.

Xad =
2P_Fg) _- (Fg2) _

• 9 (45)(8)(74)(43)

= 2(6)_96) 4- (123)_

REACTANCE - quadrature axis - This is the fictitious

due to armature reaction in the ¢[tlac]-reactance

_a_ _ axis.

(Cq)(Xafl) (71)(131)

Xaq : (Cm)(CI) : (74)(75)

SYNCHRONOUS REACTANCE - direct axis - The steady

state short circuit reactance in the direct axis.

X d - (X_)+- (Xad) = (130) t (131)

SYNCHRONOUS REACTANCE -quadrature axis - The

steady state short circuit reactance in the

quadrature axis.

Xq : (X_) _-(Xaq) = (130) _-(132)

PERIPHERAL SPEED - The velocity of the rotor surface

in feet per minute•

Vr = ,'T(dr)(RPM) = 7f(lla)(7)
12 12

!

!

!

!

!

!

I

I
!

I

I

I

I

I

I

I

I
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046)

(146a)

(147)

(148)

(149)

(15o)

(151)

(152)

(153)

N F

Nco

Xf°C

:f

(hot)

acf

41

NUMBER OF FIE LD TURNS

N-u-MBER OF FIELD COILS - One basic computer program is

used for the single-coil and two-Con:_eTl

generators. This item is used in the computer

program as a code for <ti_inguishing one trom

the other.

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item

: 0. for round conductor

FIELD TEMP IN °C - Input temp at which full load field

loss is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-

inches. Refer to table given in Item (51) for

conversion factors.

RESISTIVITY of field conductor at Xf°C

_ _(Xf°C)-I- 234.5 150) + 234.
(hot) I I

L 254.5 254. 5

CONDUCTOR AREA OF FIELD WDG - Calculate same as

stator conductor area (46) except substitute

(149) for (39)

(148) for (33)
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(154)

(:55)

(156)

(157)

Rf

(cold)

R-_
(hot)

COLD FIELD RESISTANCE @ 20°C

h
(NF)(_tI)

Rf (cold): (/'f)
(acf)

= (151) (146)(147)
(153)

HOT FIELD RESISTANCE - Calculated at Xf°C(103)

Rf (hot) = (?f hot)(NF)(_tf)
(acf)

- (152) (146)(147)
(153)

WEIGHT OF FIELD COIL in Ibs.

#'s of copper : .321 (NF)(_tf)(acf)

: . 321(146)(6)(147)(153)

WEIGHT OF ROTOR IRON - Because of the large number

of different pole shapes, one standard formula

cannot be used for calculating rotor iron weight.

Therefore, the computer will not calculate rotor

iron weight. The space is allowed on the input

sheet for record purposes only. By inserting

0. in the space allowed for rotor iron weight,

the computer will show "0." on the output

sheet. If the rotor iron weight is available

and inserted on input sheet, then the output

sheet will show this same weight on the output

sheet.

I
I

I
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(160) XF
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THE EFFECTIVE FIELD LEAKAGE REACTANCE - The

reactance which added to the stator leakage

!

reactance gives the transient reactance X du"

Where

When unit fundamental armature ampere turns

are suddenly applied on the direct axis, an

initial field current (If) will be induced. The

value of this initial field current will be just

enough to make the net flux interlinking the

field because of the field current and the arma-

ture current zero. The field ampere turns will

equal the armature ampere turns.

L_J (_I x,00

(6)_(_ 2 (112) 2 ^

XF= (129)_', _2],/.(160a)_.

x 10 -6

3. 19(Zp)(_s)(Cp) 3.19 (41)(17)(73)

Pg = (ge) = (69)

Where
l-2(Fg) _- (Fy2)] 12(96)+ (123)]ge =__ 2(Fg) j= 69 2(96) J
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(I 60a)

(161)

(166)

(167)

(168)

(169)

Pe

t

X du

!

X d

tt

X d

tt

X
q

FIELD LEAKAGE PERMEANCE

Pe = P1-t P2 "V P3 -t-P4 +'P5

: (80)_- (81)_-(82) _-(83)_-(84)

FIELD SELF-INDUCTANCE

Lf = Nc 2 (Pe)

= (146) 2 (1608)

UNSATURATED TRANSIENT REACTANCE

t

X du- (X_)._-(Xf) = (130)._-(160)

SATURATED TRANSIENT REACTANCE

X T !a : •88(xdu) : •88(166)

SUBTRANSIENT REACTANCE in direct axis

X d : (Xd) : (167)

SUBTRANSIENT REACTANCE in quadrature axis

_t

X q = Xq : (134)
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0

(17o)

(172)

(173)

X2

Xo

Kxo

45

NEGATIVE SEQUENCE REACTANCE - The reactance due

to the field which rotates at synchronous speed

in a direction opposite to that of the rotor.

X 2 : . IX"d5 "t'X"q_- .5C(168)'1-(169)_

ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star coimected) for unit current

in each of the phases. The machine must be

star connected for otherwise no zero sequence

current can flow and the term then has no

significance.

If (28) - 0, Then X o : 0

If (28) _ 0, Then

I. 667 E(hl)"i" 3(h3) _ )_
X o = X L_ (m)(q}(ip)2(Zd)2(bs)

._(173 ) ...... ,-'1. I. 667 _ 22) 4- 3( 22_ 4_
: (79)_) .__...(62)4- ,,lzac)_J_5)(25)(44)Z(43)Z(22 ) _- . 2(6

If (30) = 1, Then Kxo : 1

3('0 - 2
If (30) e/ 1, Then Kxo = (m)(q)
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(174)

(175)

(176)

(177)

Kxl

!

T do

W a

If(30)_-1,

(30)/ I,

r 3(_)
Kxl --_(m)(q)

Kxl :_4_(m_](q)

Then Kxl = 1

Then:

i [-3(31) __
_'4 - _(5)(25) i'__ If (31a) -_.667

- = _4(5)(25) If (31a) . 667

(Kxo) _07(/ha)_- (173)_.07(175)_
(Kp) 2 (44)2-

Where:

I

I

I

f

I

I

I

OPEN CIRCUIT TIME CONSTANT - The time constant of

the field winding with the stator open circuited

I
and with negligible external resistance and in-

ductance in the field circuit. Field resistance- -_1

at room temperature (20°C) is used in this cal-

f
culation.

T ' LF (161)

do RF

ARMATURE TIME CONSTANT - Time constant of the D.C.
!

component. In this calculation stator resistance

at room temperature (20°C) is used.

6. 38(d) 6. 38 (11)

a = P(ge) = (6)(69) [
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(178)

(180)

(181)

!

Td

FSC

SCR

47

Where:

X 2

T a : 200TT-(f)(ra)

(17o)
= 2oorr(5a)(177)

r a - { _(' _{.m..IpH2.RsPH cold)

Rated KVA _ ! o_

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

' (X'd) (T'd_ : _ (176)T d = _-X-X_

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when

the stator is short circuited.

FSC = (Xd)(Fg) = (133)(96)

SHORT CIRCUIT RATIO - The ratio of the field current

to produce rated voltage on open circuit to

the field current required to produce rated

current on short circuit.

Since the voltage regulation depends on the leak-

age reactance and the armature reaction, it is

closely related to the current which the machine

produces under short circuit conditions, and

therefore is directly related to the SCR.

SCR - FNL _ (127)
FSC _rO)
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(182)

(183)

(184)

F&W

WTNL

FIELD I2R - at no load. The copper loss in the field

winding is _al_ted with cold field resistance

at 20_C _ mo load condition.

Field I2R = (IFNL)2(Rf cold) : (127a) 2 (154)

FRICTION & WINDAGE LOSS - The best results are ob-

tained by using existing data. For ratioing

purposes, the loss can be assumed to vary

approximately as the 5/2 power of the rotor

diameter and as the 3/2 power of the RPM.

When no existing data is available, the follow-

ing calculation can be used for an approximate

answer. Insert 0. when computer is to cal-

culate F&W. Insert actual F&W when available.

Use same value for all load conditions.

F&W = 2.52 x 10 -6 (dr) 2"5 (RPM) 1.5

: 2.52 x 10 -6 (lla) 2"5 (7)1.5 (7(,)

STATOR TEETH LOSS - at no load. The no load loss

(WTNL) consists of eddy current and hysteresis

losses in the iron. For a given frequency the

no load tooth loss will vary as the square of

the flux density.
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(185)

(186)

W c

WN1)L
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WTN L = . 453Co t 1/3)(Q)(ls)(hs)(K Q)

= . 453(57a)(23)(17)(22)(184)

E _T "Where KQ = (k) = (19)

STATOR CORE LOSS - The stator core losses are due to eddy

currents and hysteresis and do not change under load

conditions. For a given frequency the core loss will

vary as the square of the flux density (Bc).

v,o:,._.E_>-<"Yi_.o>u_>%,)
= 1.42 B12) - (24)] (24)(17)( 18_

Where KQI= (k) = (19)

POLE FACE LOSS - at no load. The pole surface losses are

due to slot ripple caused by the stator slots. They

depend upon the width of the stator slot opening, the

air gap, and the stator slot ripple frequency. The no

load pole face loss (WpNL) can be obtained from

Graph 2. Graph 2 is plotted on the bases of open

slots. In order to apply this curve to partially open

slots, substitute b ° for b s. For a better understand-

ing of Graph 2, use the following sample.

K 1 as given on Graph 2 is derived empirically and

depends on lamination material and thickness. Those

values given on Graph 2 have been used with success.

K 1 is an input and must be specified. See item (187)

for values of K 1.
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(186) (Cont.)

I

I
K2 is shown as being plotted as a function of (BG)2" 5.

Also note that upper scale is to be used. Another I

note in the lower right hand corner of graph indi-

cates that for a solid line ( ), the factor is read I

from the left scale, and for a broken or dashed line I

(____ .. _ _ ), the right scale should be read. For I
example, find K 2 when B G = 30 kilo lines. First lo-

cate 30 on upper scale. Read down to the intersection I

of solid line plot of K 2 = f(BG)2" 5. At this intersec-

tion read the left scale for K 2. K 2 = . 28. Also refer I

to item (188) for K 2 calculations. I
K3 is shown as a solid line plot as a function of

(FsLT)I. 65. The note on this plot indicates that the I

upper scale X 10 should be used. Note FSL T = slot

frequency. For an example, find K 3 when FSL T = "_1

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid line plot of K 3 = I
1.65

f(FsL T) . At this intersection read the left scale

for K 3. K3 = 1.35. Also refer to item (189)for K3 I

calculations.

For K4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to item _190) for K4 calculations.

For K 5 use bottom scale and subsUtute b o for b s when

using partially closed slot. Read left scale when using

solid plot. Use right scale when using dashed pk_

Also refer to item (191) for K5 calculations.

I
I

I

I
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(18'1')

(188)

(189)

K 1

For K6 use the scale attached for C 1 and read K6

from left scale. Also refer to item (192) for K6

calculations.

The above factors (K2), (K3), (K4), (Ks), (K6) can

also be calculated as shown in (188), (189), (190),

(191), (192) respectively.

WpN L = _(d)(Z)(K1)(K2)(K3)(K4)(Ks)(K6)

= ;r/(11) (13X187)(188)(189)(190)(199)(192)

51

K 1 is derived empirically and depends on lamination material

and thickness. The values used successfully for K 1

are shown on Graph 2. They are

1.17 for. 028 lam thickness, low carbon steel

= 1.75 for . 063 lam thickness, low carbon steel

=3.5

=7.0

for . 125 lam thickness, low carbon steel

for solid core

K 1 is an input and must be specified on input sheet.

K 1 =

K2 can be obtained from Graph 2 (see item 186) for explanation

of Graph 2) or it can be calculated as follows:

K 2 = f(BG) = 6.1 x 10 -5 (BG)2"5

= 6.1 x 10 -5 (95) 2. 5

K3 can be obtained from Graph 2 (see item 186) for explmmtion

of Graph 2) or it can be calculated as follows:

K3 = f(FsLT) ffi 1.5147 x 10 -5 (FsLT)1"65

= 1.51_ 10 -5 (189) 1"65

(fWM)
Where FSL T ffi 60 (Q)

: _ (23)
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(190)

(191)

K4

K 5

K 4 can be obtained from Graph 2 (see item (186) for explanation

of Graph 2) or it can be calculated as foUows:

9
For _s = "

K4 = I(Ts) = .81(Ts) 1"285

_ .81(26)1.285

For . 9 _= _s _= 2.0

K4 -- f(r s) - .V9(rs) 1"145

= .79(26)1" 145

For Ts_2.0

K4 -- f(_s) -- . 92(_)" 79

= . 92(26)" 79

K5 can be obtained from Graph 2 (see item (186) for explanation

of Graph 2) or it can be calculated as follows:

For (bs) / (g) _ 1.7

K 5 = f(bs/g) = .3E(bs)/(g)7 2"31

NOTE: For partlaUy open slots substitute b for b
O S

in equations shown.

For 1.7• (bs)/ (g)_=S

z5 : f(bs)/ (g)=. s5r-¢b)/ (g)-]2

:. ss 22)/ 2
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(192)

(194)

(195)

(196)

K6

53

I2R

For 3 _.(bs)/(g) <= 5

K5- fCbs)/¢g_- •625_¢b_/Cg_1.4

-. 625 _22)/{59)] 1"4

For (bs)/(g) 75

K5: f_bsiJ/(g)= 1. 38 _bs)/(g)_ "965

1.38_22_j_9_965

K 6 can be obtained from Graph 2 (see Item (186) for

explanation of Graph 2) or it can be calculated

as follows:

K6 f(C1) 10 k" 9323(C1) - 1.6O59

: I0_.9323(71)- 1.60596_

STATOR 12R - at no load. This item = 0. Refer to

Item (245) for 100% load stator I2R.

EDDY LOSS - at no load. This item = 0.

(246) for 100% load eddy loss.

Refer to Item

TOTAL LOSSES - at no load. Sum of all losses

Total losses - (Field I2R) "1-(F&W) _-(Stator Teeth Loss)

(Stator Core Loss)t (Pole Face Loss)

= (182)_- (183) _- (184) t (185) t (186)
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(196a)

(198)

(198a)

e d

0

NOTE: The output sheet shows the next items

to be: (Rating), (Rating _-Losses),

(% Losses), (% Efficiency). These items

do not apply to the no load calculation

since the rating is zero. Refer to

items (175), (176), (177), (178)for

these calculations under load.

The N.L. calculations should all be repeated

now for 100% load.

LEAKAGE FLUX PER POLE at 100% load

(_a_(ed)(Fg)-_-_-I t cos (0)_(F T) t (Fc_
0_ = x.} (Fg) + (F T) 4- (F c)

k.

= ,- (97) _- (98)

Where e d = cos_ _- (X d) sin

I

I
I
I

I
I

I
I

= cos (198a) _ (83) sin (198b)

Where 0 = cos -1 _Power Factor

_- cos -I L(9)]

Where _ = tan_ 1 _sin (0) 4-(Xq)cos(0) /(100)_

=tan -1 _sin (198a)cos _ (198a)(134)/ (100)_

I

I
I

I

.>I
Wnere_ = _- 0 = (198a) -(198a) I
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(207)

(213)

(213a)

(213b)

O7L

0PL

(_PTL

BpL

55

FLUX LEAKAGE FROM STATOR TO YOKE UNDER LOAD

(one side of stator only)

¢--

07L : (P7) I
u.

-3

(FpL)4-(ed)(Fg)÷(FT) _ t cos(0)_ + (Fc)] X I °

: (86) [

-3

(213c)_'(198)(96)_'(97) [1 _- cos(198a)_ + (98)_ g (0

FLUX PER POLE at 100% load

For P.F..0 to .95

0PL = (0P) _ (ed) - "93(xa_100 sin (_)_

.93(131) a)_= (92) 198) - 100 sin (198

For P.F..95 to 1.0

0PL = (0P)(Kc) = (126)(9a)

TOTAL FLUX PER POLE at 100% load

OPTL : OPL (_J[____:p(213)+

FLUX DENSITY AT BASE OF POLE at 100% load

BpL = OPTL = (213a)

ap
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(213c)

(221)

(224)

(225)

(226)

FpL

_g2L

Bg2L

Fg2L

05L

I

I
TURNS POLE at 100% load II

AMPERE PER

[
= (76) _Look up ampere turns/inch on rotor mag- _.

Lnetization curve given in (18) at density (213b_1

FLUX CROSSING THEAUXILIARY____GA_P under load I

,_g2.,-.: ,:_:_..,._..,,. I

: ,:2-,:_>_)_(..,..o,) I
FLUX DENSITY IN AUXILIARY GAP (g2) under load I

Bg2L = ((_g2L) : (221) I

(Ag2) -(_

I
AUXILIARY AIR GAP AMPERE TURN DROP under load

(B 2 )' (224) (59a) x 103Fg2L = g L [g2) x 103 -
;.-5.1_ 3.19

COIL LEAKAGE FLUX under load
I

(_5L = 2(P 5)_Fy2L)_(Fg2L)+(FpL)_(ed) (Fg)t (FT) _ cos(0)_÷(Fc_
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(227)

(228)

(22g)

(229a)

(229b)

(_y2L

By2L

FyZL

ByL
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FLUX IN END-BELL SECTION OF THE YOKE under load

(_y2L = ((_g2L)

- (221)

DENSITY-__LL SECTION OF YOKE AT THE

SMALLEST AREA _ under load

By2L :_y2L = (227)
Ay2

AMPERE TURN DROP IN END-BELL SECTION OF YOKE

under load.

@ density (By2L_

= 6 Look up on yoke magnetization curv

[.given in (18) at density (228)

FLUX IN HOUSING SECTION OF YOKE under load

(_yL = ((_y2L) + ((_5L)

, (227) % (226)

FLUX DENSITY IN THE HOUSING SECTION OF THE YOKE

under load.

By L : _ : (229a)
Ay

I
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(229c)

(236)

(237)

(239)

(238)

FyL

FFL

IFFL

EFFL

AMPERE TURN DROP THROUGH THE HOUSING SECTION

OF THE YOKE under load.

!

I

!

Fy = (_y)

: (78)

_NI/inch @ density (Byi) ] I

-- curve e_

I Look up on yoke magnetization giv I

Lin (18) @ density (229b) I

TOTAL AMPERE TURN DROP PER CI _'L at full load

=Z[(F_yI)t(Fy2L)+(FpL}+(ed)(Fg)+(FT) _ + cos(0)_ _-Fc_

-'_ Z_Z._29c)+(229)_-(213c)_198)(96)_97)_tcos(198a)_(98)_ I

FIELD CURRENT under load

IFF L : (FFL)/(NF) : (236)/(146)

CURRENT DENSITY at 100% load

Current Density : (IFFL)/(acf) : (237)/(153)

FIELD VOLTS at 100% load - This calculation is made with I

Field Volts

hot field resistance at expected temperature at

100% load.

= (IFFL)(Rf hot) : (237)(155)

!

!

!
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(241)

(242)

(243)

I2RFL

WTFL

WpFL
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FIELD I2R at 100% load - The copper loss in the field

winding is calculated with hot field resistance

at expected temperature for 100% load condition.

Field I2R = (IFFI_2(RF hot) -- (237)2(155)

STATOR TEETH LOSS at 100% load - The stator tooth

loss under load increases over that of no

load because of the parasitic fluxes caused by

the ripple due to the rotor damper bar slot

openings.

,v,,,.:
NOTE (Xd) is in per unit

: E",'",,],.8'_ k }- (184)

POLE FACE LOSS at 100% load

WpF L -- - ,}"_'_ ,,,-," _,(% Load) sl 2_

t_scJt'PHJ 10-0 (n (WpNL)

(C)(Fg)
ms

1(242)(8)1 (3o)1 2[ (32)(96) + (186)

(Ksc) is obtained from Graph 3
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(245)

(246)

(247)

(248)

I2RL

.4

STATOR I2R at 100go load - The copper loss based on the

D.C. resistance of the winding. Calculate at

the maximum expected operating temperature.

12R (m)(IpH) 2 (RsPH hot) (% Load)
= 100

: (5)(8)2 (54) 1.

EDDY LOSS - Stator I2R loss due to skin effect

_EF top)_" (EF bot) - 17 (Stator I2R)
Eddy Loss=

L 2 J

I(_5)*(56)-I](245)- - 2

TOTAL LOSSES at 100go load - sum of all losses at

100go load

Total Losses -- (Field I2R)4- (F&W)-4-(Stator Teeth Loss)-k

(Stator Core Loss)t (Pole Face Loss)_-

(Stator I2R)_-(Eddy Loss)

: (241) + (183) + (242) t (185) t (243) t (245) t (246)

RATING IN KILOWATTS at 100go load

Rating = 3(EpH)(IpH) '(P. F. ) (go Load)100 x 10 -3

- 3(4)(8) (9)(1.) x 10 -3

I

I

I
I

I
I

I

I
I

I
I

I

I
I

I

I

I
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(249)

(250)

(251)
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-$
RATING & _LOSSES = (248)_-(247)_I0

% LOSSES :_ZLosse_ating+_ Losses_ 100

% EFFICIENCY = 1007O - 7o Losses

= 100% - (250)

These items can be recalculated for any load condition

by simply inserting the values that correspond to the 7O

load being calculated. The factor (% Load) takes care
100

of (IpH) as it changes with load.

Note that values for F&W (183) and W C (Stator Core

Loss) (185) do not change with load, therefore, they

can be calculated only once.



SUPPLEMENT TO DESIGN MANUAL

FOR PERMEANCE CALCULATIONS

I
I

I
I

Permeance (P) is the property of a magnetic circuit, oJ mW part of a

circuit, which determines the total flux corresponding to a given mmf

as indicated in the expression -

O -" F P* mmf x permeance

From "Standard Handbook for Electrical Engineers" A E. KnowltoL

7th edition, McGraw-Hill. Section 4-310

Magnetic Permeability (_ is that property of an lsotroplc medium

which determines under specified conditions, the magnitude relation

between magnetic induction and magnetizing force in the medium

usually expressed -

B

it- k -

I Same reference kectinn 4-308.
For air " 3 1o Flux Line/L, ich 2

It- " "- Ampere Turns/inch

I The following formulas are from Rofer'a "Electromagnetic Device s'
Parallel planes of infinite extent

8' i .....

i I = length of flux path
II_l-t_tltAU._ IN_I$ OF mPSNIVl a_ImV

I
I ,

I
I

I

I

I

I

_UADRANT OF 8PBZRICAL 81_:T.Ir.

_t_----- I _ :;t4

A

Hean length of flux pith is --_ (t t" g)

Manimum area of flux path is -

Average area of pith is considered to be -

rr

tt_-t (t* g) _ ut

_-t(t.g) andp :_ : -_---(t%-_-" T

tltua _ MI&_ Ft.u II I._111

Special [ormulas toC nee in estimating permeancee of flux paths.

SEMI- CIRCU LAR CY LINDRICA L VOLUME

dean length of flux line has been found by graphical measurement to be

1.22 g.

Mean area of flux path found by dividing the entire volume by mean

length of flux path is,

Mean area':- _8g--_x___g _ 0.322 g_p

1.22 g -

HALF ANNULUS

: in TSE COl_l_lk OI$1G_ M_MUSL Tg| Lyl_llot. II WA_. c.H._aal_

Assume the mean length of the fhu_ path to be 1_1_) and the average area

of the path to be tie then

p_ u_. z_te, -o.s4

W.a_ i < 3t p : u__ in (l+___t)
/

SPHERICAL QUADRANT

I, "',I
i _ _ I---- i/_.-----_

By graphical measurement, the mean flux line is 1.3 g. Volume of

1/3_(_4_-)3 , hence mean area of flux path is -quadrant is

1

• :o,..
1.3g

and the p_rmeance is

P-" M,-_

!




